’l. "',,’
EMERGING e

High-Consequence Pathogens September 2022

Attributed to the Boreads Painter (active 575—550 BCE), Black-Figure Kylix with Bellerophon Fighting the Chimaera (ca. 570 BCE). Terracotta. 14 3/4 in X 7in X 51/2in/12cm x 17.8 cm X 14 cm.
Public domain image courtesy of The J. Paul Getty Museum, Villa Collection, Malibu, California, USA 85.AE.121.1.



Peer-Reviewed Journal Tracking and Analyzing Disease Trends

EMERGING

Pages 1747-1944

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 Bradbury, Melbourne, Australia
Corrie Brown, Athens, Georgia, USA
Benjamin J. Cowling, Hong Kong, China
Michel Drancourt, Marseille, France

Paul V. Effler, Perth, Australia

Anthony Fiore, Atlanta, Georgia, USA

David O. Freedman, Birmingham, Alabama, USA
Peter Gerner-Smidt, Atlanta, Georgia, USA
Stephen Hadler, 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
David H. Walker, Galveston, Texas, USA

J. Scott Weese, Guelph, Ontario, Canada

Deputy Editor-in-Chief

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

Byron Breedlove, Atlanta, Georgia, USA

Technical Writer-Editors Shannon O’Connor, Team Lead;
Dana Dolan, Thomas Gryczan, Amy Guinn,

Tony Pearson-Clarke, Jill Russell, Jude Rutledge,
Cheryl Salerno, P. Lynne Stockton, Susan Zunino

Production, Graphics, and Information Technology Staff
Reginald Tucker, Team Lead; William Hale, Barbara Segal

Journal Administrators J. McLean Boggess, Susan Richardson

Editorial Assistants Letitia Carelock, Alexandria Myrick
Communications/Social Media Sarah Logan Gregory,
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

Christian Drosten, Charité Berlin, Germany

Clare A. Dykewicz, Atlanta, Georgia, USA

Isaac Chun-Hai Fung, Statesboro, Georgia, USA
Kathleen Gensheimer, College Park, Maryland, USA
Rachel Gorwitz, Atlanta, Georgia, USA

Duane J. Gubler, Singapore

Scott Halstead, Westwood, Massachusetts, USA
Thomas W. Hennessy, Anchorage, Alaska, USA
David L. Heymann, London, UK

Keith Klugman, Seattle, Washington, USA

S.K. Lam, Kuala Lumpur, Malaysia

Shawn Lockhart, Atlanta, Georgia, USA

John S. Mackenzie, Perth, Western Australia, Australia
Jennifer H. McQuiston, Atlanta, Georgia, USA
Nkuchia M. M’ikanatha, Harrisburg, Pennsylvania, USA
Frederick A. Murphy, Bethesda, Maryland, USA
Barbara E. Murray, Houston, Texas, USA

Stephen M. Ostroff, Silver Spring, Maryland, USA
W. Clyde Partin, Jr., Atlanta, Georgia, USA

Mario Raviglione, Milan, Italy, and Geneva, Switzerland
David Relman, Palo Alto, California, USA

Connie Schmaljohn, Frederick, Maryland, USA

Tom Schwan, Hamilton, Montana, USA

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

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

Duc Vugia, Richmond, California, USA

J. Todd Weber, Atlanta, Georgia, USA

Mary Edythe Wilson, Iowa City, lowa, USA

Emerging Infectious Diseases is published monthly by the
Centers for Disease Control and Prevention, 1600 Clifton Rd NE,
Mailstop H16-2, Atlanta, GA 30329-4027, 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. 28, No. 9, September 2022



EMERGING

INFECTIOUS DISEASES

High-Consequence Pathogens

On the Cover

Attributed to the Boreads Painter (active 575-550

BCE), Black-Figure Kylix with Bellerophon Fighting the
Chimaera (ca. 570 BCE). Terracotta. 14 3/4in x 7 in x 5 1/2
in/12 cm x 17.8 cm x 14 cmPublic domain image courtesy of
The J. Paul Getty Museum, Villa Collection, Malibu, California,
USA 85.AE.121.1.

About the Cover p. 1940

Synopsis
Medscape

EDUCATION
ACTIVITY

Fetal Loss and Preterm Birth Caused by
Intraamniotic Haemophilus influenzae Infection

H. influenzae is a rare but major cause of pregnancy-associated
invasive disease.

T. Hills et al. 1747

Research

Quantifying Population Burden and

Effectiveness of Decentralized Surveillance
Strategies for Skin-Presenting Neglected Tropical
Diseases, Liberia

J.W.S. Timothy et al. 1755

September 2022

Rapid Adaptation of Established High-Throughput
SARS-CoV-2 Molecular Testing Infrastructure
for Monkeypox Virus Detection

D. Norz et al. 1765
Tracking Emergence and Spread of SARS-CoV-2
Omicron Variant in Large and Small Communities by
Wastewater Monitoring, Alberta, Canada
C.R.J. Hubert et al. 1770
Age-Dependent Effects of COVID-19 Vaccine

and of Healthcare Burden on COVID-19 Deaths,
Tokyo, Japan
Y.K. Ko et al.

Medscape

EDUCATION
ACTIVITY

1777

Increasing Incidence of Invasive Group A
Streptococcus Disease, Idaho, USA, 2008-2019
Incidence increased >4-fold, and streptococcal toxic shock
syndrome was more common in 2014—2019 than in 2008—-2013.

E.M. Dunne et al. 1785

Revised Definitions of Tuberculosis Resistance
and Treatment Outcomes, France, 2006-2019

Y. Kherabi et al. 1796

Fulminant Transfusion-Associated
Hepatitis E Virus Infection Despite Screening,
England, 2016-2020

H. Harvala et al. 1805

1829

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 28, No. 9, September 2022



EMERGING
INFECTIOUS DISEASES

September 2022

Costs of Tuberculosis at 3 Treatment Centers, Canada

J.R. Campbell et al. 1814

Detection of Endosymbiont Candidatus Midichloria
mitochondrii and Tickborne Pathogens in Humans
Exposed to Tick Bites, Italy

G. Sgroi et al. 1824

Detecting Mycobacterium tuberculosis Infection
in Children Migrating to Australia

I. Laemmle-Ruff et al. 1833
Dispatches

Coccidioidomycosis Seroincidence and Risk

Among Military Personnel, Naval Air Station
Lemoore, San Joaquin Valley, California, USA

G.C. Ellis et al. 1842

Epidemiologic Features and Control Measures
during Monkeypox Outbreak, Spain, June 2022

B. Sudrez Rodriguez et al. 1847

Susceptibility of Wild Canids to SARS-CoV-2

S.M. Porter et al. 1852

Epidemiology of Infections with SARS-CoV-2
Omicron BA.2 Variant, Hong Kong,
January-March 2022

Y.M. Mefsin et al. 1856

Longitudinal SARS-CoV-2 Nucleocapsid Antibody
Kinetics, Seroreversion, and Implications for
Seroepidemiologic Studies

M. Loesche et al. 1859

Creutzfeldt-Jakob Disease Incidence, South Korea,
2001-2019

Y.-C. Kim, B.-H. Jeong 1863

Zoonotic Ancylostoma ceylanicum Hookworm
Infections, Ecuador

W.J. Sears et al. 1867
Ancylostoma ceylanicum in Dogs, Grenada,

West Indies

P.A. Zendejas-Heredia et al. 1870

Evaluation of Effectiveness of Global COVID-19
Vaccination Campaign

D. He et al. 1873
Laboratory Misidentifications Resulting

from Taxonomic Changes to Bacillus cereus

Group Species, 2018-2022

L.M. Carroll et al. 1877

Experimental Infection of Peromyscus Species
Rodents with Sin Nombre Virus

K. Quizon et al. 1882

Acute Q Fever with Atrioventricular Block, Israel
K .Badarni et al. 1886

Sporadic Occurrence of Enteroaggregative
Shiga Toxin—-Producing Escherichia coli 0104:H4
Similar to 2011 Outbreak Strain

C.E. Coipan et al. 1890
Sequestration and Destruction of

Rinderpest Virus—-Containing Material 10

Years after Eradication

C.M. Budke et al. 1895

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 28, No. 9, September 2022



International Spread of Multidrug-Resistant
Rhodococcus equi

J. Val-Calvo et al.

1899

Research Letters

Fatal Fungicide-Associated Triazole-Resistant
Aspergillus fumigatus Infection,
Pennsylvania, USA

K. Bradley et al. 1904

Correlation between Clinical and Wastewater
SARS-CoV-2 Genomic Surveillance, Oregon, USA

D. Kaya et al. 1906

Social and Behavioral Factors Associated with Lack
of Intent to Receive COVID-19 Vaccine, Japan

T. Arashiro et al. 1909

Infection with SARS-CoV-2 Omicron Variant 24
Days after Non-Omicron Infection,
Pennsylvania, USA

A.G. Seid et al. 1911
Pathogenesis and Transmissibility of North
American Highly Pathogenic Avian Influenza
A(H5N1) Virus in Ferrets

J. A. Pulit-Penaloza et al. 1913

Antibodies against SARS-CoV-2 Suggestive of
Single Events of Spillover to Cattle, Germany

K. Wernike et al. 1916

Effect of Frequent SARS-CoV-2 Testing on
Weekly Case Rates in Long-Term Care Facilities,
Florida, USA

L.-T. Allan-Blitz et al. 1918

Highly Divergent SARS-CoV-2 Alpha Variant in
Chronically Infected Immunocompromised Person

B.B.O. Munnink et al. 1920

EMERGING
INFECTIOUS DISEASES

September 2022

Molecular Epidemiology of Blastomyces
gilchristii Clusters, Minnesota, USA

U.R. Bagal et al. 1924

Tropheryma whipplei Intestinal Colonization in
Migrant Children, Greece

S. Makka et al. 1926

Arthritis Caused by Nannizziopsis obscura, France
H.Mascitti et al. 1929

Invasive Meningococcal X Disease during the
COVID-19 Pandemic, Brazil

L.O. Fukasawa et al. 1931

Feline Panleukopenia Virus in Dogs from
Italy and Egypt

G. Diakoudi et al. 1933

Trichodysplasia Spinulosa Polyomavirus
Endothelial Infection, California, USA

L. Lawrence et al. 1935

Books and Media

Plagues Upon the Earth: Disease and the
Course of Human History

W.C. Partin 1938

About the Cover

Agile Thinking Slays the Chimaera

B. Breedlove 1940

ICEID Abstracts

International Conference

on Emerging Infectious
Diseases 2022 Poster and Oral
Presentation Abstracts

https://bit. Iy/3QKb017

3'1 -
"l"."" qw""n".lr'.'.-- ke

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 28, No. 9, September 2022



COMING SOON

A special upcoming EID supplement
highlights CDC’s international
response to COVID-19, health

systems and program adaptation to

the pandemic, and lessons learned for
future pandemics.

“A World United”
By Vasu Tolia, 69, Bloomfield Hills, Michigan




SYNOPSIS

Fetal Loss and Preterm Birth
Caused by Intraamniotic
Haemophilus influenzae
Infection, New Zealand

Thomas Hills, Caitlin Sharpe, Thomas Wong, Tim Cutfield, Arier Lee, Stephen McBride,
Matthew Rogers, May Ching Soh, Amanda Taylor, Susan Taylor, Mark Thomas

In support of improving patient care, this activity has been planned and implemented by Medscape, LLC and Emerging Infectious
Diseases. Medscape, LLC is jointly accredited by the Accreditation Council for Continuing Medical Education (ACCME), the
Accreditation Council for Pharmacy Education (ACPE), and the American Nurses Credentialing Center (ANCC), to provide continuing
education for the healthcare team.

Medscape, LLC designates this Journal-based CME activity for a maximum of 1.00 AMA PRA Category 1 Credit(s)™. Physicians
should claim only the credit commensurate with the extent of their participation in the activity.

Successful completion of this CME activity, which includes participation in the evaluation component, enables the participant to earn
up to 1.0 MOC points in the American Board of Internal Medicine's (ABIM) Maintenance of Certification (MOC) program. Participants will
earn MOC points equivalent to the amount of CME credits claimed for the activity. It is the CME activity provider's responsibility to submit
participant completion information to ACCME for the purpose of granting ABIM MOC credit.

All other clinicians completing this activity will be issued a certificate of participation. To participate in this journal CME activity: (1)
review the learning objectives and author disclosures; (2) study the education content; (3) take the post-test with a 75% minimum
passing score and complete the evaluation at http://www.medscape.org/journal/eid; and (4) view/print certificate. For CME questions,
see page 1942.

Release date: August 15, 2022; Expiration date: August 15, 2023

Learning Objectives

Upon completion of this activity, participants will be able to:

* Assess the epidemiology of pregnancy-associated invasive Haemophilus influenzae disease, based on 10-year surveillance
in Auckland, New Zealand

« Evaluate the clinical and microbiological features of pregnancy-associated invasive Haemophilus influenzae disease, based
on 10-year surveillance in Auckland, New Zealand

« Determine the clinical implications of disease burden and mechanisms of adverse pregnancy outcomes, based on 10-year
surveillance of pregnancy-associated invasive Haemophilus influenzae infection in Auckland, New Zealand.

CME Editor

Thomas J. Gryczan, MS, Technical Writer/Editor, Emerging Infectious Diseases. Disclosure: Thomas J. Gryczan, MS, has disclosed no
relevant financial relationships.

CME Author

Laurie Barclay, MD, freelance writer and reviewer, Medscape, LLC. Disclosure: Laurie Barclay, MD, has the following relevant financial
relationships: formerly owned stocks in AbbVie Inc.

Authors

Thomas Hills, DPhil; Caitlin Sharpe, MBChB; Tim Cutfield, MBChB; Arier Lee, PhD; Stephen McBride, MBChB; Matthew Rogers,
MBBS; May Ching Soh, PhD; Amanda Taylor, MBChB; Susan Taylor, MBChB; and Mark Thomas, MD.

Author affiliations: Medical Research Institute of New Zealand, Wellington, New Zealand (T. Hills); Auckland District Health Board,
Auckland, New Zealand (T. Hills, C. Sharpe, A. Taylor, M. Thomas); Waitemata District Health Board, Auckland (T. Hills, T. Cutfield,
M. Rogers); Counties Manukau District Health Board, Auckland (C. Sharpe, T. Wong, S. McBride, M.C. Soh, S. Taylor); University of
Auckland, Auckland (A. Lee, M. Thomas)

DOI: https://doi.org/10.3201/eid2809.220313

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 28, No. 9, September 2022 1747



SYNOPSIS

Invasive Haemophilus influenzae infection during preg-
nancy can cause preterm birth and fetal loss, but the
mechanism is unclear. We investigated 54 cases of
pregnancy-associated invasive H. influenzae disease in
52 unique pregnancies in the Auckland region of New
Zealand during October 1, 2008—-September 30, 2018.
Intraamniotic infection was identified in 36 (66.7%) of 54
cases. Outcome data were available for 48 pregnancies.
Adverse pregnancy outcomes, defined as fetal loss, pre-
term birth, or the birth of an infant requiring intensive/
special care unit admission, occurred in 45 (93.8%) of
48 (pregnancies. Fetal loss occurred in 17 (35.4%) of
48 pregnancies, before 24 weeks’ gestation in 13 cases,
and at >24 weeks’ gestation in 4 cases. The overall in-
cidence of pregnancy-associated invasive H. influenzae
disease was 19.9 cases/100,000 births, which exceeded
the reported incidence of pregnancy-associated listerio-
sis in New Zealand. We also observed higher rates in
younger women and women of Maori ethnicity.

Haemophilus influenzae serotype B (Hib) causes a
range of clinical syndromes, including pneumo-
nia, primary bacteremia, and meningitis (1,2). Child-
hood immunization with conjugated Hib vaccines has
resulted in dramatic decreases in illness and death
attributable to Hib (2-4). Most invasive H. influenzae
disease is now caused by nontypeable H. influenzae
(NTHi) which predominantly affects young children
and the elderly (2,5,6). In industrialized countries,
deaths caused by NTHi infection are now more com-
mon than deaths caused by Hib infection (6).
Pregnancy is associated with a 17-fold increase
in the incidence of invasive H. influenzae infection,
largely caused by infection with NTHi (7). Invasive
H. influenzae infection during the first 24 weeks of
pregnancy is associated with >90% rate of fetal loss
(7). Beyond 24 weeks gestation, premature birth oc-
curred in 8 (28.6%) of 28 case-patients and stillbirth in
2 (7.1%) of 28 case-patients (7). The burden of NTHi
infection extends into the neonatal period, resulting
in a high incidence of invasive disease in the first 28
days of life, especially in extremely premature neo-
nate; incidence of invasive NTHi infection is 365-fold
higher for neonates at <28 weeks’ gestation than for
term neonates (>36 weeks’ gestation) (5,8,9).
Literature describing the burden of pregnancy-
associated invasive H. influenzae infection consists
largely of case reports and public health surveillance
data (7,9-11). Studies have been limited by a paucity
of genital tract or postmortem microbiologic data.
The mechanisms of preterm birth and fetal loss asso-
ciated with invasive H. influenzae infection are incom-
pletely understood. Historically, H. influenzae has not
been recognized as a leading cause of intraamniotic

1748

infection (IAI) (12). However, recent case reports de-
scribe IAI that showed histologic evidence of acute
necrotizing chorioamnionitis, suggesting that mater-
nal H. influenzae infection can involve the amniotic
cavity and the fetus (13).

We report 10 years of pregnancy-associated in-
vasive H. influenzae infection in Auckland, New Zea-
land. We focus on the overall disease burden and the
mechanisms of adverse pregnancy outcomes.

Methods

We identified cases of invasive H. influenzae disease
during a 10-year period (October 1, 2008-September
30th, 2018) from the hospital laboratory records of
Auckland City Hospital, North Shore Hospital, Wait-
akere Hospital, and Middlemore Hospital, which
provide free healthcare to the population of the Auck-
land region (resident population ~1.7 million persons
in 2018). We searched the computerized records of
the 3 microbiology laboratories serving these hospi-
tals to identify all patients who fulfilled the US Cen-
ters for Disease Control and Prevention criteria for H.
influenzae invasive disease: isolation of H. influenzae
from >1 samples collected from a normally sterile site
(e.g., blood, cerebrospinal fluid, placental tissue) (14).
In New Zealand, maternity care is delivered through
a network of primary, secondary, and tertiary birth-
ing facilities that, in the Auckland region, are served
by these 3 microbiology laboratories. Home births are
uncommon, accounting for 3.4% of births (15). All
neonatal hospital-level care, such as care that would
be required for neonates who have H. influenzae dis-
ease, is delivered in the study hospitals.

We reviewed electronic health records for all cas-
es of invasive disease to identify maternal invasive
H. influenzae infections, defined as case-patients from
whom H. influenzae was isolated from samples from
pregnant women, and neonatal invasive H. influenzae
infections, defined as case-patients from whom H.
influenzae was isolated from samples from infants in
the first 28 days of life. Taken together, these case-pa-
tients constituted the pregnancy-associated invasive
H. influenzae study population. Neonatal cases were
considered early onset if H. influenzae was identified
from samples taken within 48 hours of birth.

We extracted prioritized ethnicity, area-level
New Zealand deprivation index (NZDep2013; index
of socioeconomic deprivation based on maternal lo-
cation of residence at the time of delivery) (16), ma-
ternal age, gestation, microbiologic and prespecified
clinical outcome data (pregnancy outcome, death at
30 days, and death at 12 months) from the electronic
health records. We grouped NZDep2013 index data

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 28, No. 9, September 2022



into quintiles (1 = least socioeconomic deprivation
area, 5 = most socioeconomically deprived area). We
defined term birth as delivery at >37 weeks’ gesta-
tion. Whether H. influenzae isolates were Hib was de-
termined by testing performed at the Invasive Patho-
gens Laboratory at the Institute of Environmental
Science and Research (Porirua, New Zealand).

Antimicrobial susceptibility testing of all isolates
was performed in the hospital laboratories by using
accredited methods from the European Committee
on Antimicrobial Susceptibility Testing (https://
www.eucast.org) or Clinical Laboratory Standards
Institute (https://www.clsi.org). We extracted data
on susceptibility test results from the laboratory re-
cords for each isolate.

We categorized cases as intraamniotic infection
when H. influenzae was cultured from placental tis-
sue, products of conception, or high vaginal swab
specimens for case-patients who had concurrent H.
influenzae bacteremia. We categorized cases as pneu-
monia if the clinical diagnosis was pneumonia or if
chest radiography during the same hospital admis-
sion was reported as demonstrating pneumonia. We
categorized cases were as meningitis if the clinical
diagnosis was meningitis or if H. influenzae was iso-
lated from cerebrospinal fluid. We categorized case-
patients who had >1 positive blood culture as having
primary bacteremia when the documented clinical
impression did not specify an alternative clinical syn-
drome (such as meningitis or pneumonia) and cases
could not be otherwise categorized by other micro-
biologic culture results.

Birth rate and demographic data for the Auck-
land region during the study period were provided
by Statistics New Zealand as a customized data ex-
tract to enable calculation of incidence rates. We used
relative risk from univariate and multivariate Poisson
regression with ethnicity, age, and NZDep2013 in a
regression model to look for an association between
ethnicity, age, or deprivation and pregnancy-asso-
ciated invasive H. influenzae disease. We performed
statistical analyses by using SAS version 9.4 (SAS In-
stitute Inc., https://www.sas.com). The study was
approved by the Auckland Health Research Ethics
Committee (AHREC 000103).

Results

We identified 54 cases of pregnancy-associated inva-
sive H. influenzae disease: 38 (70.4%) maternal cases
and 16 (29.6%) neonatal cases. In 2 pregnancies, the
mother and the neonate both had invasive H. influen-
zae disease; therefore, the 54 index cases resulted from
52 unique pregnancies.

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 28, No. 9, September 2022

Intraamniotic Haemophilus influenzae Infection

Case Demographics

Of the 52 women who had maternal H. influenzae
disease, who gave birth to an infant with neonatal
disease, or both, most (77%) were of Maori or Pacific
descent (Table 1). All 16 neonatal cases were early-
onset H. influenzae infection. Socioeconomic depriva-
tion data were available for 48 cases; 26 (54.2%) cases
were in women living in areas with the most deprived
NZDep2013 quintile score. The median gestation for
the neonatal case-patients was 34 weeks (range 26-
41 weeks), and the median age of the mother at the
time of delivery was 29.5 years (range 18-43 years)
(Table 1). Maternal age was unavailable for 2 neona-
tal case-patients. The median gestation for maternal
case-patients was 32 weeks (range 8-40 weeks), and
the median age of the women at the time of diagnosis
was 25 years (range 15-44 years).

Sites of Infection

We identified IAI in 36 (66.7%) of 54 cases of preg-
nancy-associated invasive H. influenzae infection: 34
(89.5%) of 38 maternal cases and 2 (12.5%) of 16 neo-
natal cases (Table 1). H. influenzae was isolated from
placental tissue or products of conception in 33 IAI
cases and from maternal or neonatal blood cultures
with concurrent isolation from cervical or high vagi-
nal swab specimens in 3 IAI cases (Figure 1).

Microbiologic Characteristics

Typing data were available for 26 isolates, predomi-
nantly from cases with bacteremia. Isolates other than
those from blood cultures were not routinely sent for
typing. Hib was identified in only 1 case. Isolates
were not serotypeable for 18/26 cases and confirmed
not to be Hib by molecular testing in 7/26 cases (but
not further typed by molecular or serologic methods).
The proportion of isolates found to be antimicrobial
susceptible was 45/53 (84.9% of tested isolates) for
amoxicillin, 54/54 (100% of tested isolates) for amoxi-
cillin/clavulanate, 50/52 (96.2% of tested isolates) for
cefuroxime, and 33/47 (70.2% of tested isolates) for
sulfamethoxazole/ trimethoprim.

Pregnancy Outcomes

Pregnancy outcome data were available for 48/52
(92.3%) pregnancies. Fetal loss occurred in 17/48
(35.4%) pregnancies, before 24 weeks’ gestation in
13 cases and after 24 weeks’ gestation in 4 cases. An
additional 21/48 (43.8%) pregnancies resulted in pre-
term birth. Of those, 20 (95.2%) required admission
to a neonatal intensive care unit (NICU) or special
care baby unit (SCBU) and 1 died (described ear-
lier). The remaining 10 pregnancies resulted in birth
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Table 1. Pregnancy-associated invasive Haemophilus influenzae case demographic and clinical data, New Zealand*

Variable Maternal cases Neonatal cases Total pregnancies
Total 38 16 52t
Maternal ethnicity
European 4 (10.5) 5(31.3) 8 (15.4)
Maori 17 (44.7) 4 (25) 20 (38.5)
Pacific 14 (36.8) 6 (37.5) 20 (38.5)
Other 3(7.9) 1(6.3) 4(7.7)
Median maternal age, y (range)t 25 (15-44) 29.5 (18-43) 25 (15-44)
Socioeconomic deprivationt
Quintile 5 22 (59.5) 6 (46.1) 26 (54.2)
Quintile 4 10 (27.0) 2(15.4) 12 (25.0)
Quintile <3 5(13.5) 5(38.5) 10 (20.8)
Median gestation,t wk (range) 32 (8-40) 34 (26—41) 32 (8-41)
Pregnancy outcomes
Intrauterine death <24 weeks’ gestation 13 (34.2) 0 13 (25.0)
Intrauterine death >24 weeks’ gestation 3(7.9) 1(6.3) 4(7.7)
Live preterm birth 13 (34.2) 10 (62.5) 21 (40.4)
Live birth at term 6 (15.8) 4 (25) 10 (19.2)
Pregnancy outcome unclear 3(7.9 1(6.3) 4(7.7)
Clinical diagnosis
Intraamniotic infection§ 34 (89.5) 2 (12.5) 36 (69.2)
Primary bacteremia 4 (10.5) 12 (75.0) 14 (26.9)
Pneumonia 0 1(6.3) 1(1.9)
Meningitis 0 1(6.3) 1(1.9)
Other 0 0 0
Specimens culturing H. influenzaef
Maternal blood culture 13 1 14
Neonatal blood culture 2 15 17
Placental tissue or products of conception 30 3 33
High vaginal swab specimens§ 17 0 17
Cerebrospinal fluid 0 1 1

*Values are no. (%) unless otherwise indicated.

tIn 2 pregnancies, invasive H. influenzae infection occurred in the mother and the neonate. Thus, the 38 maternal cases and 16 neonatal cases occurred

in 52 unique pregnancies.

tData for gestational duration were unavailable for 2 neonatal cases and 1 maternal case; maternal age data were unavailable for 2 cases; 2013 area-
level New Zealand deprivation index (NZDep2013) data were unavailable for 2 cases. NZDep2013 quintile 5 is the most deprived socioeconomic area,

and quintile 1 is the least deprived socioeconomic area.

§Intraamniotic infection was defined as H. influenzae isolated from placental samples or products of conception (with or without maternal/neonatal H.
influenzae bacteremia) or maternal H. influenzae bacteremia with H. influenzae concurrently isolated from high vaginal swab specimens. Isolation of H.
influenzae from a high vaginal swab specimen alone, without isolation from another site, was insufficient to meet the case definition for invasive H.
influenzae disease. Invasive disease was diagnosed in 9 cases with associated maternal bacteremia, 1 case with associated neonatal bacteremia, and 7

cases with documented infection of placental tissue.

The total number of positive culture results exceeds the number of cases because in some cases H. influenzae was isolated from >1 site.

at term, but 7 of those neonates required admission
to an NICU or SCBU. Therefore, adverse pregnancy
outcomes, defined as fetal loss, preterm birth, or birth
of an infant requiring NICU/SCBU care, occurred in
45/48 (93.8%) of the pregnancies for which outcome
data were available. Only 3/48 (6.3%) affected preg-
nancies resulted in a live birth of an infant not requir-
ing NICU/SCBU care.

Mortality Rate Outcomes

One (6.25%) of 16 neonatal case-patients, an infant
born at 26 weeks’ gestation, had H. influenzae bacte-
remia diagnosed in the first 24 hours of life and died
shortly thereafter. None of the 38 maternal case-pa-
tients died, although 30-day and 1-year outcome data
were unavailable for 1 maternal case-patient (Table
1). Similarly, no mothers of neonatal case-patients
died, although 30-day and 1-year outcome data were
unavailable for the mother of 1 neonatal case-patient.
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Epidemiology

During the study period, there were 241,653 births
in the Auckland region. Complete demographic
data were available for 48/52 pregnancies, so we
used those 48 pregnancies to calculate an overall in-
cidence pregnancy-associated invasive H. influenzae
disease rate of 19.9 cases/ 100,000 births. The rate var-
ied greatly by maternal ethnicity; 53.7 cases/100,000
births for Maori women, 33.6 cases/ 100,000 births for
Pacific women, 9.0 cases/100,000 births for women
from Europe, and 5.86 cases/100,000 births for wom-
en of other ethnicities (Table 2). Incidence was high-
est in the youngest maternal age group (<19 years),
65.1 cases /100,000 births, and decreased progressive-
ly to 8.8 cases/100,000 births in the oldest maternal
age group (>35 years). Ethnicity, age group, and so-
ciodemographic deprivation were each significantly
associated with the incidence of pregnancy-associ-
ated invasive H. influenzae disease by univariable
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analyses (p<0.0001 for each). In a multivariable re-
gression model (Table 2), ethnicity was significantly
associated with the risk for pregnancy-associated
invasive H. influenzae disease (p = 0.0035), whereas
age group (p = 0.1115) and socioeconomic depriva-
tion (0.1015) were not associated. Compared with
women from European, the relative risk of infection
for Maori women was 3.28 (95% CI 1.32-8.19) and
the relative risk for Pacific women was 2.07 (95% CI
0.80-5.37) (Figure 2).

Discussion

H. influenzae has recently been recognized as a rare
but major cause of pregnancy-associated invasive
disease. In this retrospective study in the Auckland
region, accounting for more than one third of the
New Zealand population, the overall incidence of
pregnancy-associated invasive H. influenzae disease
was 19.9 cases/100,000 births. Our findings build on
those from England and Wales, where the incidence
of invasive NTHi infection in pregnant women was
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17-fold higher than in nonpregnant women and was
strongly associated with preterm birth and a high
case-fatality rate (7,9). However, the mechanism of
adverse pregnancy outcomes was unclear; chorioam-
nionitis was noted in only 7.3% of cases of early-onset
neonatal NTHi infection (9). Our data indicate that
IAI is the probable cause of preterm birth and fetal
loss; we found clinical or microbiologic evidence of
IAI in 66.7% of our cases. 1Al caused by H. influen-
zae has been noted in case reports/series previously
(10,11), but not in a study of this size.

Our data confirm that outcomes of pregnancy-
associated invasive H. influenzae disease for the fetus
or neonate are poor. Adverse pregnancy outcomes
(fetal loss, preterm birth, or birth of an infant requir-
ing care in NICU/SCBU) occurred in 94% of pregnan-
cies for which outcome data were available. Only 6%
of pregnancies resulted in live birth of an infant not
requiring NICU/SCBU care. In contrast, outcomes of
pregnancy-associated invasive H. influenzae disease
for the pregnant woman are generally good. There

Figure 1. Sites from which
Haemophilus influenzae was
isolated in maternal cases (A)
and neonatal cases (B), New
Zealand. Overlapping colored
circles and ovals indicate
multiple types of samples
collected from the same
cases. BC, blood culture; CSF,
cerebrospinal fluid; HVS, high
vaginal swab.
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Table 2. Pregnancy-associated invasive Haemophilus influenzae incidence by maternal ethnicity and age and socioeconomic status,

New Zealand*

Crude incidence per Poisson regression

Variable Births, no. (%) Cases, no. (%) 100,000 births (95% CI) relative risk (95% CI)
Maternal ethnicity
Maori 37,218 (15.4) 20 (42) 53.74 (33.50-80.84) 3.28 (1.32-8.19)
Pacific 47,655 (19.72) 16 (33) 37.58 (19.70-52.81) 2.07 (0.80-5.37)
Other 68,268 (28.25) 4 (8) 5.86 (1.82-13.61) 0.57 (0.17-1.90)
European 88,512 (36.63) 8 (17) 9.04 (4.13-16.82) Referent
Total 241,653 (100.00) 48 (100.00) 19.86 NA
Maternal age, y
<19 10,758 (4.45) 7 (15) 65.07 (27.96-125.80) 3.19 (0.97-10.48)
20-24 36,498 (15.1) 17 (35) 46.58 (27.80-72.35) 2.79 (0.99-7.80)
25-29 61,917 (25.62) 9(19) 14.54 (6.99-26.20) 1.28 (0.42-3.86)
30-34 75,936 (31.42) 10 (21) 13.17 (6.60-23.10) 1.49 (0.51-4.37)
>35 56,544 (23.4) 5(10) 8.84 (3.17-19.01) Referent
Total 241,653 (100.00) 48 (100.00) 19.86 NA
Socioeconomic deprivation
Quintile 5 78,822 (32.6) 26 (54.2) 32.99 (21.88-47.34) 1.89 (0.83-4.30)
Quintile 4 40,440 (16.7) 12 (25) 29.67 (15.89-49.76) 2.52 (1.06-6.02)
Quintile <3 122,391 (50.7) 10 (20.8) 8.17 (4.09-14.33) Referent
Total 241,653 (100.00) 48 (100.00) 19.86 NA

*Maternal age data were missing for 2 pregnancies, and 2013 area-level New Zealand deprivation index (NZDep2013) socioeconomic deprivation data
were missing for 2 additional pregnancies. Therefore, crude incidence rates and relative risks from a multivariable Poisson regression model with
ethnicity, age and NZDep2013 quintile in the model were calculated from the 48 cases where complete demographic data were available. The other
ethnicity category comprised 3 Asian women and 1 Middle Eastern woman. p<0.0035 for ethnicity, p<0.1115 for age, and p<0.1015 for socioeconomic
deprivation. NZDep2013 quintile 5 is the most deprived socioeconomic area, and quintile 1 is the least deprived socioeconomic area. NA, not applicable.

were no deaths among the 50 women for which data
was available, suggesting that this condition can be
readily treated by delivery of the fetus and placental
tissues, plus administration of antimicrobial drugs.
We found that pregnancy-associated invasive
H. influenzae infection disproportionately affected
Maori persons, who experience a higher burden of
many infectious diseases in New Zealand (17). Pacif-
ic women also had a higher incidence of disease than
women of European or other ethnicities, but this dif-
ference did not reach statistical significance by mul-
tivariable analysis. Potentially relevant to our study
are the high rates of sexually transmitted infections
in young Maori and Pacific women (18). Large eth-
nic disparities in the incidence of common sexually

Figure 2. Relative risk for pregnancy-associated invasive
Haemophilus influenzae infection, by ethnicity, in a multivariable
regression model, New Zealand. Error bars indicate 95% Cls.
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transmitted infections in New Zealand have persist-
ed, relatively unchanged, in recent years (19). In the
light of increasing evidence that H. influenzae may
cause nongonococcal urethritis in men (20), one pos-
sible hypothesis is that sexually acquired vagino-
cervical H. influenzae infection was the immediate
precursor of IAI in the women we studied. A high
incidence of sexually transmitted infections (21) and
a high incidence of pregnancy-associated invasive
H. influenzae disease (22) has also been observed
in indigenous women in Australia, supporting this
proposed mode of infection.

Our study supports IAI as the mechanism by
which H. influenzae mediates poor pregnancy out-
comes. Our findings suggest that IAI is responsible
for the major manifestations of pregnancy-associated
invasive H. influenzae disease. H. influenzae is rarely
isolated from the genital tracts of pregnant women,
having been found in <0.5% of samples from healthy
pregnant women (23-25). We presume that H. influ-
enzae infection of the lower genital tract of pregnant
women, perhaps acquired as a sexually transmit-
ted infection, or by some other mode of acquisition,
places pregnant women at risk for ascending infec-
tion; placental infection would then be the route
of infection for the fetus. Alterations in hormonal,
metabolic, and immune regulation that occur dur-
ing pregnancy to enable healthy fetal development
might result in spread of H. influenzae infection from
the vagina to the uterine cavity and increase the risk
for placental infection (26).
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Strengths of this study include the analysis of
10 years of data from 4 hospitals and 3 microbiol-
ogy laboratories caring for demographically diverse
populations, with linked outcomes of neonatal and
maternal cases. Weaknesses include the retrospec-
tive study design, heterogeneity in the quality of the
clinical documentation, and missing data. The true
burden of pregnancy-associated H. influenzae disease,
both in our study and in clinical practice, might be
underestimated, given that this diagnosis relies on
appropriate collection and testing of microbiologic
samples. We applied a strict definition of microbio-
logically confirmed invasive H. influenzae disease. It
is likely that some women who have signs and symp-
toms consistent with pregnancy-associated invasive
H. influenzae disease during the study period did not
have adequate microbiologic sampling to enable this
diagnosis to be made. Maternal bacteremia was com-
monly accompanied by concurrent isolation of H.
influenzae from genital tract or placental specimens,
indicating that clinicians were suspicious of IAl as the
cause for bacteremia in these women. In contrast, iso-
lation of H. influenzae from maternal specimens was
uncommon in cases of neonatal bacteremia, perhaps
suggesting that the potential for IAl had not been rec-
ognized at the time of delivery, resulting in failure to
collect appropriate specimens.

Future work should further examine the epide-
miology of pregnancy-associated invasive H. influ-
enzae disease, assessing whether incidence varies in
specific populations, including other indigenous or
socioeconomically deprived populations. Rates of
genital tract colonization with H. influenzae should
be quantified in high-risk populations, particularly
Maori and Pacific women in New Zealand and in-
digenous women in Australia. Larger prospective
studies should seek to identify factors that predis-
pose to pregnancy-associated invasive H. influenzae
disease. This approach might identify associations
with other sociodemographic variables that our
study lacked power to detect. Invasive H. influen-
zae disease should be also considered for pregnant
women with signs of chorioamnionitis. Empiric an-
timicrobial drug treatment in this setting should be
with an agent active against H. influenzae and other
major maternal/perinatal pathogens. H. influenzae
bacteremia in pregnancy should prompt clinicians
to consider intraamniotic infection.

In our study, the overall incidence of pregnan-
cy-associated H. influenzae invasive disease was 19.9
cases/100,000 births, similar to the national rate of
early-onset neonatal group B Streptococcus sepsis in
New Zealand (23 cases/100,000 live births) during
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2011-2013 (27) and higher than the national rate of
pregnancy-associated listeriosis in New Zealand
(12.3 cases/100,000 live births) during 1997-2016
(28). The rates of early-onset group B Streptococcus
and of pregnancy-associated listeriosis were not
higher in those of Maori descent than in persons of
European descent (27,28).

In conclusion, the rates of adverse outcomes in
pregnancy-associated invasive H. influenzae disease
we found were comparable with those for pregnancy-
associated listeriosis; fetal loss occurred in 35.4% of
cases in our study and in 34% of pregnancy-associated
listeriosis cases in New Zealand (28). Comparisons
across studies using different methods require caution.
Nonetheless, our data indicate that, in New Zealand,
the burden of H. influenzae in pregnancy might be com-
parable to, or higher than, that seen for pregnancy-as-
sociated listeriosis. In addition, the risk for this condi-
tion is particularly high for persons of Maori ethnicity.
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Quantifying Population Burden
and Effectiveness of Decentralized
Surveillance Strategies for
Skin-Presenting Neglected
Tropical Diseases, Liberia

Joseph W.S. Timothy, Emerson Rogers, Katherine E. Halliday, Tarnue Mulbah, Michael Marks,' Zeela Zaizay,
Romeo Giddings, Marie Kempf, Estelle Marion, Stephen L. Walker, Karsor K. Kollie, Rachel L. Pullan'

We evaluated programmatic approaches for skin neglect-
ed tropical disease (NTD) surveillance and completed a
robust estimation of the burden of skin NTDs endemic to
West Africa (Buruli ulcer, leprosy, lymphatic filariasis mor-
bidity, and yaws). In Maryland, Liberia, exhaustive case
finding by community health workers of 56,285 persons
across 92 clusters identified 3,241 suspected cases. A
total of 236 skin NTDs (34.0 [95% CI 29.1-38.9]/10,000
persons) were confirmed by midlevel healthcare workers
trained to use a tailored program. Cases showed a focal
and spatially heterogeneous distribution. This community
health worker—led approach showed a higher skin NTD
burden than prevailing surveillance mechanisms but also
showed high (95.1%) and equitable population cover-
age. Specialized training and task-shifting of diagnoses
to midlevel health workers led to reliable identification of
skin NTDs, but reliability of individual diagnoses varied.
This multifaceted evaluation of skin NTD surveillance
strategies quantifies benefits and limitations of key ap-
proaches promoted by the 2030 NTD roadmap of the
World Health Organization.

he World Health Organization (WHO) promotes
an integrated strategy for neglected tropical
diseases that present primarily with skin changes
(skin NTDs) (1,2). These conditions are character-
ized by debilitating pathology, chronic disability,
and stigma (2,3). Fundamental challenges for skin
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NTD programs include a lack of epidemiologic data
to determine burden at finer spatial scales and lim-
ited guidance on how to sustainably and equitably
implement resource-intensive case detection and
management interventions within primary health-
care services (4-7). This knowledge is essential for
progress toward the WHO 2030 roadmap targets
that explicitly outline a 10-fold scale-up of skin NTD
programs over the next decade (8).

Creating and expanding skin NTD programs
requires knowledge about disease distribution, par-
ticularly co-occurrence of multiple diseases, and
subsequent optimization of integrated surveillance
strategies at first-line healthcare providers. How-
ever, despite clear programmatic need, there are no
standardized approaches for estimating prevalence
of skin NTDs. Comprehensive, integrated surveys
have not yet been evaluated at scale in West Africa,
largely because of the epidemiologic traits that char-
acterize skin NTDs: low prevalence, focal distribu-
tions, and inaccessibility of affected communities
(4,6,7,9). This operational gap creates dependence
on routine surveillance reports, often considered
unreliable because of variable healthcare-seeking
behaviors, inadequate diagnostic tools, and unreli-
able reporting systems (10).

Priorities for improving routine surveillance in-
clude integrated community-based case finding and
midlevel health worker training programs supporting
decentralized detection, diagnosis, and case manage-
ment. The potential for community-based case find-
ing has been demonstrated in Central and West Africa
for some diseases, including Buruli ulcer and lym-
phatic filariasis morbidity (LFM) (11-14), and recent

"These authors contributed equally to this article.
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examples of yaws integration with Buruli ulcer in
community outreach programs (15). Despite prom-
ise, these studies have not rigorously evaluated per-
formance or equity indicators, limiting their broader
applicability. WHO recently published a skin NTD
diagnostic manual for frontline staff to help improve
clinical diagnostic capacity among healthcare workers
(16). However, the feasibility of training this cadre of
healthcare workers to accurately diagnose multiple
complex skin conditions has yet to be evaluated.

In light of 2030 skin NTD targets, there is a press-
ing need to bridge these evidence gaps through op-
erational evaluation (§). We aimed to estimate the
population-level prevalence of 4 endemic skin NTDs,
Buruli ulcer, leprosy, LFM, and yaws, within the rou-
tine health infrastructure of Maryland County, Li-
beria. We implemented community-based case find-
ing and clinical training of midlevel health workers
within a stratified 1-stage survey design. We present
a detailed breakdown of skin NTD epidemiology and
evaluation of integrated surveillance strategies with-
in a programmatic setting.

Methods

Study Setting

Maryland County (census population 165,456), a ru-
ral county in southeastern Liberia, has the highest
levels of absolute poverty (84.0%) in this country (17).
It is endemic for Buruli ulcer, leprosy, and LFM and
borders a yaws-endemic region of Cote d’Ivoire. In
March and November 2017, all community health
workers (CHWSs) and 2 clinicians from each health fa-
cility undertook Ministry of Health training modules
in recognizing, reporting, and managing skin NTDs,
independent from this study.

Study Design and Participants

We conducted a population-based cluster-random-
ized cross-sectional survey for Buruli ulcer, leprosy,
LFM, and yaws in Maryland County during June-
October 2018 by using a screen and confirm strategy.
All communities in the County Health Department
of Maryland were eligible for enrollment, and we se-
lected CHW catchment areas as primary sampling
units. We combined contiguous CHW catchments
that had <300 persons and divided those that had
>1,000 persons before selection. We randomly se-
lected 92 clusters (mean population 618) stratified
across all 24 health facilities by using probability
proportional to size. All residents of selected clus-
ters were eligible and sought for participation in
initial screening.

1756

Ethics

The study protocol was approved by the University
of Liberia Institutional Review Board (#18-02-088)
and the Ethics Committee of the London School of
Hygiene and Tropical Medicine (#14698). Commu-
nity meetings were held in all study clusters before
implementation. We obtained verbal consent from
adult residents for household participation in screen-
ing, and written consent from adults, or guardians
if persons were <18 years of age, for quality control
and case verification visits. All skin NTDs and oth-
er diagnosed skin conditions were immediately re-
ferred for treatment at health facilities in line with
national guidelines. This study is registered with
ClinicalTrials.gov  (https://www.clinicaltrials.gov),
no. NCT03683745.

Procedures

We conducted an exhaustive population screen-
ing in selected CHW catchment areas (Appendix,
https:/ /wwwnc.cdc.gov/EID/article/28/9/21-
2126-Appl.pdf). CHWs visited all households with-
in their catchment communities over a 5-day period,
completed a simple census, and screened residents
for suspected skin NTDs on the basis of interviewee
report, using photographs of clinical manifestations.
The household head or primary caregiver were di-
rectly prompted to act as a proxy respondent for
absent members. Visited households were provid-
ed with quick response-coded study identification
cards, and persons who had suspected cases were
provided a separate individually identifiable iden-
tification card.

One week after community screening, suspected
case lists were provided to mobile verification teams
for home-based follow-up, diagnosis, and referral.
Before survey activities, a team of 7 nationally recruit-
ed midlevel health workers (physician assistants)
attended a 5-day training course on diagnosis and
management of skin NTDs held at a national referral
center for Buruli ulcer and leprosy in Ganta, Nimba
County, and led by Ministry of Health NTD program
(E.R. and T.M.) and UK-based experts, including a
consultant tropical dermatologist (M.M., S.L.W, and
J.W.S.T.). During household visits, trained skin NTD
verifiers performed detailed clinical examination of
all suspected persons who had cases before diagnosis.

All survey stages were evaluated through sep-
arate quality control (QC) surveys. CHW screen-
ing was evaluated by an independent community
health services supervisor (CHSS), who randomly
visited 10-15 households/cluster during the week
after CHW screening activities. At each household,

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 28, No. 9, September 2022



study identification cards were recaptured and
household information was collected. The CHSS
performed skin examinations of all consenting
household members and recorded all skin lesions
comparable to the photographic case definitions
used by CHWs. Clinical diagnoses were validated
in a purposively selected subpopulation of verified
cases by clinically trained members of the national
NTD program (E.R., T.M., and R.G). Additional QC
was implemented through deployment of global po-
sitioning system-enabled electronic data collection
devices running open data kit-based data collection
platforms across all survey stages.

Outcomes
The primary outcome was prevalence of all skin NTDs
diagnosed by trained verification teams. We con-
firmed clinically suspected Buruli ulcer by using an
152404 PCR with swab specimens or fine-needle aspi-
rates (18). We defined yaws cases as a clinically suspi-
cious lesion plus dual serologic positivity by using a
syphilis dual path platform lateral flow assay for both
treponemal and nontreponemal antibodies (ChemBio,
https:/ /chembio.com). All serologically confirmed
yaws cases also underwent PCR confirmation (tp47) of
lesion swab specimens. We based LFM and leprosy di-
agnoses on clinical assessment of signs and symptoms.
We also collected routine program data from
Maryland County aggregated by the county health
office on all skin NTD outcomes from the year before
survey implementation. All diagnoses through the
routine program were made on the basis of clinical
assessment. We compared the annual new case de-
tection rate to the prevalence of survey cases that we
confirmed as being previously unknown to the health
system. During verification, a case-patient was deter-
mined as unknown to the health system by interview-
ing the patient and CHSS and by cross-checking all
survey cases against county records.

Sample Size and Statistical Analysis

We performed data management and statistical analy-
ses by using R version 4.0.1 (https://www.r-project.
org). We assumed a population-level skin NTD preva-
lence of 5 cases/ 10,000 persons, absolute precision of 3.5
cases/ 10,000 persons, a design effect of 3.5, a participa-
tion rate of 0.8, and a finite population correction factor.
The required sample size was 48,478 by using standard
formulas. We estimated prevalence through design-
based inference as a stratified 1-stage cluster design
with variance estimated by using Jackknife Repeated
Replication Survey version 3.36, (https://am.air.
org/Manual/Tools/Variance = Estimation/Jackknife-
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Repeated-Replication). We estimated intraclass corre-
lation coefficients (ICC) from intercept-only binomial
mixed effects models (Ime4 version 1.1-23) (19). We
analyzed operational factors associated with survey
participation by using binomial mixed effect and con-
ditional logistic regression (survival version 3.1-12,
https:/ /rdrr.io/cran/survival/man/clogit.html) with
model-building approaches (outlined in Appendix).
We used the Cohen k and crude agreement to estimate
interrater reliability of all clinical diagnoses (psych ver-
sion 1.9.12, https:/ /cran.r-project.org/web/ packages/

psych/ psych.pdf).

Results

We visited 10,007 households across 92 clusters (143
refused, 1.4%) and included 56,825 persons (49.8% fe-
male, 47.3% <18 years of age) in the sample popula-
tion (Figure 1). In total, 34,916 persons were present
during CHW household screening visits to observe
photographs of skin NTDs. The remaining 38.6% were
absent at the time of survey, and referrals among this
group were based on proxy responses.

Among the sample population, 3,087 persons
(54%, 95% CI 5.2-5.6) were referred by CHWs be-
cause these persons had possible skin NTD symp-
toms. Median age of referrals was 27 years (35.7%
female, increasing to 48.3% when excluding hydro-
coele; 102 missing age or sex data). We observed a lin-
ear increase in referral rates by age (p<0.0001), with
an approximate threshold at 35 years, over which
referrals increased more than 2-fold from 4.1/100
persons screened (95% CI 3.9-4.3) to 8.6/100 persons
screened (95% CI 8.1-9.1). CHW referral rates varied
substantially by cluster (range 0.5-23.0/100 persons
screened; ICC 0.11) and health district (3.1-7.0/100
persons screened; ICC 0.01). Models exploring asso-
ciations between referral rates and potential opera-
tionally relevant variables indicated only older CHW
age to be associated with reduced odds of referral
(>35 years of age; odds ratio 0.59, 95% CI 0.43-0.81;
p = 0.001) (Appendix).

Mobile verification teams successfully followed
up with 2,630 case-patients (81.1% of those referred).
This group had minor differences in age compared
with those who could not be found for follow-up (27.7
years [95% CI 26.1-29.3 years] vs. 30.3 years [95% CI
29.4-31.1]) but no overt difference in sex (35.0% [95%
CI 31.0%-39.1%] female patients followed up vs.
36.7% [95% CI 34.8%-38.6%] female patients not fol-
lowed up) or implementation district of residence (p
= 0.15). We diagnosed 236 cases of skin NTDs (Ta-
ble 1), a crude prevalence of 41.5 skin NTDs/10,000
persons and a design-adjusted prevalence of 34.0
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Figure 1. Study population
flowchart for study quantify
population burden and
effectiveness of decentralized
surveillance strategies for skin-
presenting neglected tropical
diseases, Maryland County,
Liberia. Consort diagram shows
selection, screening, quality
control, and verification stages.
CHW, community health worker;
LFTU, lost to follow-up (did not
continue to participate in follow-
up contacts); QC, quality control.

(95% CI 29.1-38.9) skin NTDs/10,000 persons (Fig-
ure 2). The most prevalent condition was LFM, caus-
ing 111 lymphedema (17.5 [95% CI 14.1-21.0] cas-
es/10,000 persons) and 58 hydrocoele cases (8.5 [95%
CI 4.8-12.3] cases/10,000 persons). We identified 55
cases of suspected Buruli ulcer on the basis of clinical
case definitions, although only 4 were confirmed by
PCR (0.9 [95% CI 0-1.9] cases/10,000 persons), estab-
lishing PCR-confirmed Buruli ulcer as the rarest out-
come (Appendix).

Prevalence of any skin NTD was focally dis-
tributed within communities (ICC 0.27), with con-
siderable heterogeneity between clusters (range
0-330 case/10,000 persons) (Figures 3, 4). Analy-
sis of individual skin NTDs showed a greater de-
gree of spatial heterogeneity, with LFM and yaws
exhibiting particularly focal distributions (Table 1).
Few clusters were co-endemic for more than 1 skin

NTD (22 of 92, 23.9%) and only 1 cluster was co-en-
demic for >2 diseases. Of potential cases identified in
screening, 91.0% (2,394/2,630) were diagnosed with
conditions not included within the primary outcome,
including superficial fungal infections (471 cases,
17.9% of verified cases), scabies (316 cases, 12.0%),
scrotal hernia (279 cases, 10.6%) and skin ulcers of
unknown etiology (110 cases, 4.2%) (Appendix).

The new case detection rate from existing coun-
ty-level health records in 2017 was 13.8 cases/10,000
persons compared with our survey point prevalence
estimate of 25.4 (95% CI 21.3-29.5) previously un-
identified cases/10,000 persons (Figure 5). Overall,
there was no evidence of differences in age and sex
of case-patients detected through routine reporting.
Among leprosy case-patients only, those we detected
by using survey methods were older (46.3 vs. 35.2
years; p = 0.02), and there was a greater proportion of

Table 1. Final prevalence estimates of primary and secondary skin NTD outcomes, Liberia*

Crude Design-adjusted population
Total no. prevalence/10,000 prevalence/10,000 persons Median Female, Cluster prevalence
Disease cases persons (95% ClI) (95% CI) age, y % range/10,000 persons _ ICCt
All skin NTDs 236 41.5 (36.2-46.8) 34.0 (29.1-38.9) 42 42.3 0-330 0.27
Buruli ulcer 4 0.7 (0.1-1.4) 0.9 (0-1.8) 16.5 50.0 0-39.4 NA
Leprosy 39 6.9 (4.7-9.0) 4.4 (3.3-5.5) 44 42.8 0-74.1 0.18
LF lymphedema 111 19.5 (15.9-23.2) 17.5 (14.1-21.0) 48 67.3 0-209.7 0.41
LF hydrocele 58 10.2 (7.6-12.8) 8.5 (4.8-12.3) 43 0 0-256.4 0.43
Active yaws 24 4.2 (2.5-5.9) 2.6 (1.4-3.9) 10 25.0 0-205 0.93

*Age and sex data were missing for 9 skin NTD cases. ICC, intraclass correlation coefficient; LF, lymphatic filariasis; NA, not available; NTD, neglected

tropical disease.
TNot estimated for Buruli ulcer.
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paucibacillary leprosy relative to routine data (53.8%
vs. 22.9%; p = 0.006).

To assess performance of CHW screening, QC
surveys were conducted in 1,382 randomly sampled
households (1,379 consented, 99.8%) in 91 clusters be-
fore verification of cases took place. Among the QC
sample population, 95.1% of households (1,320 of
1,379) reported being visited by the local CHW and
shown skin NTD photographs, with no evidence of
socioeconomic disparities between households vis-
ited or missed (Appendix).

QC teams enumerated 8,021 persons and per-
formed skin examinations on 4,268 household mem-
bers (53.2%) among 4,409 approached (141 refused,
3.2%). Among persons examined, clinical field officers
(trained CHSS cohort) identified 503 cases (11.8 [95%
CI 10.8-12.8] cases/100 examined) of skin lesions
similar in appearance to photograph-based CHW
case definitions. Among the 503 patients who had
skin lesions, clinical field officers recaptured patient
identification cards from 349 to estimate sensitivity of
screening (69.4%; CHSS new case detection rate 3.6
[95% CI 3.1-4.2] cases/100 persons). There was good
concordance with CHW referrals for age and propor-
tion of female referrals. We also conducted a sensi-
tivity analysis of the effect of reduced sensitivity on
prevalence estimates (Appendix).

We assessed the reliability of clinical diagnoses
made by verification teams through separate follow-
up QC surveys immediately after case verification ac-
tivities. We reached 174 of 2,630 verified cases (6.6%)
across 16 health facilities and 36 clusters. The crude
agreement of all 174 diagnoses as skin NTD was
82.8% (Cohen x 0.69, 95% CI 0.59-0.79), indicating
substantial agreement between raters. Excluding oth-
er skin diseases, crude agreement (62.0%) and Cohen
k (0.51, 95% CI 0.39-0.64) were lower for skin NTDs,
with a tendency for overdiagnosis among verification
teams (Table 2). For individual skin NTDs, we did not
estimate Cohen k because of high prevalence index
introduced by our sampling approach (20), but crude
agreement between raters showed considerable vari-
ation between diseases (Table 2).

Discussion

This study was a programmatic-scale integrated skin
NTD prevalence survey in West Africa and was con-
ducted entirely within the routine health infrastruc-
ture of Maryland County, Liberia. Our results show
that skin NTDs in this setting are underreported,
spatially heterogeneous, and highly focal, imparting
a considerable unmet burden on this largely rural and
periurban population.
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Figure 2. Cluster-level prevalence of all skin-presenting neglected
tropical diseases combined, Maryland County, Liberia, June—
October 2018. Inset boxes show major urban areas Pleebo (A)
and Harper (B). Black features are buildings (OpenStreetMap
contributors) to highlight increasing rurality in northern districts.

We concurrently provide new evidence on the
effectiveness of surveillance strategies that form the
basis of skin NTD program delivery outlined in the
WHO 2030 NTD roadmap (21). We demonstrate that
large-scale screening by CHWs can find unreported
cases of stigmatizing diseases while achieving high
and equitable coverage among hard-to-reach com-
munities. We also quantified major limitations in
sensitivity and specificity from using our chosen ap-
proach with this workforce. Integrated clinical train-
ing of nonphysician healthcare workers facilitated
reliable differentiation between any skin NTD and
other skin conditions reported by participants. How-
ever, reliability of disease-specific diagnoses of skin
NTDs was variable.

The greatest disease burden in Maryland County
was attributable to LFM; both BU and yaws showed
markedly lower prevalence. Burden across all skin
NTDs was higher than reported through routine
surveillance systems for the county, as well as those
typically reported in surveillance records nationally
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and across other co-endemic states in West Africa, al-
though Buruli ulcer remains comparable if limited to
PCR-confirmed cases (5,7,22). All diseases appeared
spatially heterogeneous in occurrence and preva-
lence at this implementation scale. The explanatory
factors underlying these observations are probably
multifaceted, given diverse transmission dynamics,
a combination of climatic, ecologic, and sociodemo-
graphic (23-26). However, given highly focal distri-
butions, these observations could be attributable to
sampling error.

Population-level skin NTD surveys have previ-
ously been undertaken in Ethiopia, Rwanda, and
Cameroon (12,27-28), demonstrating a similarly
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high unmet burden. We believe the additional
granularity and operational evaluation in our study
provides additional strong justification for inte-
grated approaches to skin NTD surveillance. We
demonstrated that at the cluster level, most com-
munities did not have individual skin NTDs, re-
sulting in wasted resources if using nonintegrated
surveillance strategies. Although findings indicate
that disease-specific interventions could be target-
ed to smaller implementation units, sampling effort
required for accurate delineation might outweigh
benefits of microplanning.

The use of CHWs for disease-specific surveillance
is common in West Africa, particularly for Buruli

Figure 3. Spatial distribution and
occurrence of skin-presenting
neglected tropical diseases ,
Maryland County, Liberia, June—
October 2018. A) Buruli ulcer, B)
leprosy, C) lymphatic filariasis
morbidity; D) yaws. Points
represent cluster centroids and
not absolute location of cases.
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Figure 4. Cluster-level
prevalence of skin-presenting
neglected tropical diseases,
Maryland County, Liberia, June—
October 2018. Colors denote
health district of cluster.

ulcer, for which increased case numbers or earlier
stages of detection have been reported in quasiexper-
imental studies (13,29,30). Our findings illustrate the
feasibility of training a rural community-based work-
force with limited smartphone experience to screen
for multiple diseases, reliably capture electronic data,
and achieve high and equitable population coverage.
CHWs identified a large proportion of previously
undetected cases, even in a setting with recent pre-
vious training of CHWs and formal health workers.
We also found no evidence households missed dur-
ing screening were systematically omitted on the
basis of socioeconomic indicators. However, we ob-
served and quantified the probable underestimation
of referable skin lesion burden by using our chosen
approach. In addition, 91% of persons with verified
cases were ultimately diagnosed with non-skin NTD
etiology, including a large number of communicable
skin diseases (corroborating recent dermatologic
surveys in neighboring Cote d'Ivoire [(31)]), debili-
tating ulcers, and scrotal hernias. Given widespread
use of CHWs for skin NTD surveillance, our results
quantify major considerations with this approach, in-
cluding management of a potentially large additional
burden of disease.

Sustainable skin NTD programs also depend
on decentralized diagnosis and case management
by mid-level health workers. The performance of
integrated skin NTD training programs has not
been formally evaluated, despite recent WHO pub-
lication of a manual for frontline healthcare work-
ers (16). Our findings show that a tailored training
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program reliably identified skin NTDs but that
agreement on specific diagnoses could be incon-
sistent, particularly in the case of hydrocele and
leprosy. Furthermore, confirmation rates of clini-
cally suspected Buruli ulcer and yaws highlight the
need for laboratory support for diagnosis. Previous
studies in West Africa showed success in develop-
ing clinical algorithms for common skin diseases
(32), and research continues on alternative algo-
rithmic or telemedicine approaches to support de-
centralized clinical decision-making (33,34). Our
findings support the need for further evaluation of
integrated training programs to support frontline
healthcare workers, especially in settings in which
laboratory support is limited.

The first limitation of our study was that we relied
on CHWs to conduct screening, a strategy that might
have led to us miss the most marginalized households
at higher risk for skin NTDs. Nevertheless, our QC
survey suggested high coverage, a finding also sup-
ported when cross-comparing household global posi-
tioning system points with satellite imagery. Second,
screening relied upon self-report and proxy-report
of stigmatized conditions. We quantified a degree of
loss in sensitivity through QC skin examinations, but
inclusion might have been further biased downwards
if affected persons were less willing to participate.
Third, ascertainment of leprosy and LFM was de-
pendent on clinical diagnosis, with variable reliabil-
ity potentially biasing estimates from true population
prevalence. Finally, we observed a notable percentage
(=19%) of patients who did not continue follow-up
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Figure 5. Comparison of cases
of skin-presenting neglected
tropical diseases before and
after survey, Maryland County,
Liberia. A) Survey cases
previously unknown to the
health system; B) annual new
case detection rates from
routine health system records
extracted from the 12 months
before survey implementation.
Note that plots are comparing
point prevalence (A) with annual
new case detection rates (B).
Routine diagnosis is limited

to clinical suspicion for Buruli
ulcer. If survey estimates are
extended to include all clinically
suspected cases of Buruli ulcer,
we estimate a countrywide
prevalence of 32.4 (95% CI
27.4-37.3) previously unknown
cases/10,000 persons.

between screening and verification stages, although
we did not see overt differences in the demographics
of the censored population. We would expect this as-
pect to bias final prevalence estimates down, but the
magnitude of this effect remains unclear.

With the new WHO 2030 NTD roadmap explic-
itly mapping out a 10-fold scale-up of skin NTD

programs, there is an urgent need to better clarify
disease burden and strategies for integrated sur-
veillance to support this global transition (8§). Our
results provide a multifaceted overview of disease
epidemiology and operational evaluation of surveil-
lance strategies that can guide countries who are be-
ginning integrated skin NTD programs.

Table 2. Summary of interrater reliability scores of skin NTD clinical diagnoses, Liberia*

Total survey  Total QC

cases clinical Verifier-only QC-only  Agreement,
Disease assessed diagnoses Agreement  diagnoses diagnosis % Alternative diagnoses
Suspected Buruli ulcer 15 11 10 5 1 62.5 Traumatic ulcer,
tropical ulcer

Leprosy 12 7 7 5 0 58.3 Vitiligo, tinea corporis

LF lymphedema 25 27 24 1 3 85.7 Non-LF edema

LF hydrocele 17 14 8 9 6 34.8 Hernia, non-LF
hydrocele

Other skin disease 105 115 95 10 20 76.0 None

Combined skin NTDs 69 59 49 20 10 62.01 None

*Overall agreement; 82.8%; Cohen «, all outcomes: 0.69 (95% CI 0.59-0.79). LF, lymphatic filariasis; NTD, neglected tropical disease; QC, quality
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Reported Legionnaires’ disease cases began in-
creasing in the United States in 2003 after rela-
tively stable numbers for more than 10 years.
This rise was most associated with increases in
racial disparities, geographic focus, and season-
ality. Water management programs should be
in place for preventing the growth and spread
of Legionella in buildings.

In this EID podcast, Albert Barskey, an epide-
miologist at CDC in Atlanta, and EID’s Sarah
Gregory discuss the increase of Legionnaires’
disease within the United States.

Visit our website to listen:
https://go.usa.gov/xuD7W
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Rapid Adaptation of Established
High-Throughput Molecular
Testing Infrastructure for
Monkeypox Virus Detection

Dominik Noérz, Hui Ting Tang, Petra Emmerich, Katja Giersch, Nicole Fischer, Stephan Schmiedel,
Marylyn M. Addo, Martin Aepfelbacher, Susanne Pfefferle, Marc Liitgehetmann

Beginning in May 2022, a rising number of monkey-
pox cases were reported in hon—monkeypox-endemic
countries in the Northern Hemisphere. We adapted 2
published quantitative PCRs for use as a dual-target
monkeypox virus test on widely used automated high-
throughput PCR systems. We determined analytic per-
formance by serial dilutions of monkeypox virus refer-
ence material, which we quantified by digital PCR. We
found the lower limit of detection for the combined as-
says was 4.795 (95% CI 3.6-8.6) copies/mL. We com-
pared clinical performance against a commercial manual
orthopoxvirus research use only PCR kit by using clini-
cal remnant swab samples. Our assay showed 100%
positive (n = 11) and 100% negative (n = 56) agreement.
Timely and scalable PCR tests are crucial for limiting
further spread of monkeypox. The assay we provide
streamlines high-throughput molecular testing for mon-
keypox virus on existing broadly established platforms
used for SARS-CoV-2 diagnostic testing.

n May 2022, an unusually high number of mon-

keypox cases were reported in countries in west-
ern Europe and North America; by May 29, 2022, 257
laboratory-confirmed infections were reported from
Spain, Portugal, the United Kingdom, Canada, and
the United States, sparking fear of another global
outbreak on the heels of the continuing SARS-CoV-2
pandemic (1-4). Endemic transmission of the mon-
keypox virus (MPXV), a species of the Orthopoxuvi-
rus genus, is thought to be limited to central and
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western Africa, where both zoonotic (=22%-72% of
cases) and person-to-person transmission contribute
to disease burden (5). Previous clusters outside Af-
rica have usually been traceable to animal sources
rather than to human-to-human transmission (6). In
contrast, the 2022 cases seem to have occurred with-
out any links to animal sources and have been con-
centrated in, but not exclusive to, men who have sex
with men (7). The sudden appearance of infections in
several non-monkeypox-endemic countries suggest-
ed that undetected transmission might have taken
place for some time but that recent events could have
served as a catalyst for spread (1).

The ongoing SARS-CoV-2 pandemic has demon-
strated the potential and value of highly automated
high-throughput molecular testing in outbreak sce-
narios. We aimed to rapidly adapt existing automated
molecular testing infrastructure for SARS-CoV-2 in a
large tertiary-care hospital in Hamburg, Germany,
for detection of MPXV from clinical samples, thereby
creating the capacity for high-throughput testing and
quick turnaround times, if needed.

Materials and Methods

Multiplex Assay Setup

On the basis of diagnostic testing during the
SARS-CoV-2 pandemic (8; C. Manohar et al., unpub.
data, https://doi.org/10.1101/2021.10.13.21264919),
we chose a dual-target approach, in which 1 assay
targets a conserved sequence of the Orthopoxvirus
genus, not including variola major or minor viruses
(9), and the other targets a MPXV-specific sequence
(10) (Table 1). The cobas 5800, 6800, and 8800 systems
(Roche Diagnostics, https://diagnostics.roche.com)
use a spike-in RNA full process control that is added
automatically during extraction. The corresponding
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Table 1. Primer and probe sequences for a dual-target MPXV assay rapidly adapted from established high-throughput SARS-CoV-2

molecular testing infrastructure®

Final
Oligotype Oligo name Sequence, 5' - 3' concentration, nM
Primers NVAR fwd TCA ACT GAA AAG GCC ATC TAT (2'0OMe-G)A 400
NVAR rev GAG TAT AGA GCA CTA TTT CTA AAT CC(2'OMe-C) A 400
MPOX fwd ACG TGT TAA ACA ATG GGT GA(2'OMe-U) G 400
MPOX rev AAC ATT TCC ATG AAT CGT AGT (2'OMe-C)C 400
Probes NVAR P-YAK  YakYellow-CCA TGC AAT (BHQ1)ATA CGT ACA AGA TAG TAG CCA AC-BHQ1 75
MPOX P-FAM FAM-TGA ATG AAT (BHQ1)GCG ATA CTG TAT GTG TGG G-BHQ1 75

*Sequences are derived from previously published NVAR assay by Li et al. (9) and MPXV assay by Shchelkunov et al. (10) and adapted for the cobas
omni Utility Channel (Roche Diagnostics, https://diagnostics.roche.com). Oligos were custom made by Ella Biotech GmbH (https://www.ellabiotech.com).
Indicated final concentration refers to the final oligo concentrations within the reaction mix. 2'0-methyl-RNA bases are indicated as OMe-X. Internal
abasic quenchers are indicated as (BHQ1). NVAR, nonvariola orthopoxvirus; MPXV, monkeypox virus.

internal control assay is preloaded in the open chan-
nel reagent for use with cobas omni Utility Channel
(Roche Diagnostics) (Table 2). We modified and op-
timized all assays for use on cobas 5800, 6800, and
8800 systems, including 2'O-methyl-RNA-modified
primers and internal quenchers for TagMan probes,
as previously described (11).

In Silico Evaluation

As part of a support request for Utility Channel ap-
plications, we submitted all sequences of the duplex
assay to Roche Diagnostics for evaluation of inclu-
sivity and potential primer-probe interactions. The
submitted sequences were aligned to currently avail-
able MPXV and orthopoxvirus sequences available in
public databases.

Analytical Performance Evaluation

We conducted technical performance evaluations for
the assays according to new European Union regula-
tions (Regulation 2017/746 EU IVDR, https:/ /euivdr.
com). For reference material, we used inactivated cell
culture supernatant containing MPXV recovered from a
clinical case in central Africa in 1987 (12) and inactivated
modified vaccinia virus Ankara (MVA) SARS-CoV-2
vaccine. To obtain a quantitative MPXV standard, we
purified nucleic acids by using a MagNA-pure96 extrac-
tor and Viral NA Small Volume Kit (Roche Diagnostics)
and analyzed on a QIAcuity digital PCR instrument
(QIAGEN, https:/ /www.qiagen.com) in conjunction

with 3 different previously described quantitative PCRs
(gPCRs): 1 for nonvariola (NVAR) orthopoxviruses
(9); 1 for MPXV (10); and the research-use only (RUO)
LightMix Modular Orthopoxvirus Assay (TIB MOLBI-
OL, https:/ /www tib-molbiol.de).

We determined the lower limit of detection by
serial 2-fold dilution of MPXV standard in universal
transport medium from 100 to 0.78 copies/mL and
21 repeats per dilution step. Using MedCalc statisti-
cal software (https:/ /www.medcalc.org), we deter-
mined the limit for 95% probability of detection. We
assessed linearity by 10-fold serial dilution of MPXV
standard (5 repeats per dilution step) at concentra-
tions of ~10'-10” copies/mL. We determined linear-
ity and intra-assay variability by using Validation
Manager software (Finbiosoft, https://finbiosoft.
com). Concentrations represent copies per mL of
specimen. For empirical inclusivity and exclusivity
testing, we used the assay to test a set of 53 sam-
ples, including clinical samples, reference material,
and external quality controls from a range of blood-
borne and respiratory pathogens (Appendix Table
1, https://wwwnc.cdc.gov/EID/article/28/9/22-
0917-Appl.pdf). We used an experimental MVA
vector-based SARS-CoV-2 vaccine as reference ma-
terial for a non-MPXV orthopoxvirus.

Clinical Evaluation and Follow-Up Samples
For clinical validation, we used the RUO LightMix
Modular Orthopoxvirus assay as reference test,

Table 2. Software settings for run protocol for a dual-target MPXV assay rapidly adapted from established high-throughput molecular

testing infrastructure™

Channel setting, use

Protocol setting 1, Not used 2, Monkeypox 3, Nonvariola 4, Not used 5, Internal control

Relative fluorescence increase NA 2 2 NA 2

PCR cycling conditions UNG incubation Pre-PCR step 1st measurement  2nd measurement Cooling
No. cycles Predefined 1 5 45 Predefined
No. steps Predefined 3 2 2 Predefined
Temperature Predefined 55°C; 60°C; 65°C 95°C; 55°C 91°C; 58°C Predefined
Hold time Predefined 120 s; 360s;240 s 5s;30s 5s;25s Predefined
Data acquisition Predefined None End of each cycle  End of each cycle Predefined

*Protocol was run on 400 L swab samples. Protocol adapted for cobas omni Utility Channel (Roche Diagnostics, https://diagnostics.roche.com). Relative
fluorescence increase thresholds were used for automated result calls. NA, not applicable; UNG, uracyl-N-glycosylase.
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which we performed according to manufacturer’s
recommendation by using the MagNA-pure96 sys-
tem with 200-uL extraction volume. In total, we
tested 67 clinical samples consisting of respiratory,
skin, and genital swab samples with both assays.
Of those samples, 11 were positive for MPXV DNA,
which we obtained from 2 confirmed clinical cases
in Hamburg, Germany. We analyzed 33 consecu-
tive clinical samples from the same 2 patients and
2 additional cases by using the duplex assay (Ap-
pendix Table 2). The clinic provided globalized
patient characteristics.

Results

In Silico Analysis

We did not detect any concerning oligo interactions
(Appendix Figure 1). Target-1: NVAR was still a 100%
match for all but 1 MPXV sequence, which had 1 low-
risk mismatch. NVAR also had high sequence simi-
larity with many other orthopoxviruses but might not
be optimal for reliable detection of camelpox or cow-
pox (Appendix Figure 2). Target-2: MPOX is a per-
fect match for almost all Congo Basin strain MPXV
sequences but has a known mismatch for West Africa
strain sequences in the probe region. This mismatch
is expected to slightly reduce relative fluorescence in-
crease signals, as demonstrated in the clinical sample
set. Other orthopoxviruses have extensive sequence
mismatches with this assay and are not expected to
produce detectable signals (Appendix Figure 3).

Analytical performance

We determined LoD was 9.697 (95% Cl 7.424-15.327)
copies/mL for the NVAR assay and 6.359 (95% CI
4.908-10.110) copies/mL for the MPOX assay by
probability of detection analysis. Overall LoD for
both targets combined was 4.795 (95% CI 3.598-8.633)
copies/mL. We compiled hit rates (Table 3) and prob-
ability of detection plots (Appendix Figure 4) for the
assay. The assay showed excellent linearity. Cycle
threshold (Ct) values were 37-18, =10'-107 copies/
mL, and pooled SD and 95% Cl were within linear
range: Ct 0.194, SD 0.0662% for NVAR; Ct 0.175, SD
0.618% for MPXV (Figure 1).

No false positives occurred within the inclusivi-
ty-exclusivity set. The MVA vector vaccine was cor-
rectly detected by the NVAR assay, and not by the
MPXV assay (Appendix Table 1).

Clinical Evaluation
In total, we tested 67 clinical samples, consisting of re-
spiratory, skin, and genital swab samples, with both

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 28, No. 9, September 2022
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Table 3. Hit rates during limit of detection studies of dual-target
MPXV assay rapidly adapted from established high-throughput
molecular testing infrastructure*

Concentration, copies/mL NVAR MPXV Overall
100 21/21 21/21 21/21
50 21/21 21/21 21/21
25 21/21 21/21 21/21
12.5 20/21 21/21 21/21
6.25 19/21 20/21 21/21
3.125 11/21 13/21 15/21
1.56 11/21 11/21 17/21
0.78 3/21 6/21 7/21

*Results represent no. positive/no. tested. Limits of detection were
determined by serial dilution of a quantified MPXV standard (quantified by
digital PCR) as a reference. Concentrations represent copies/mL of
specimen. Dilution series were generated automatically using a STARIlet
Liquid Handler (Hamilton, https://www.hamiltoncompany.com). We
calculated 95% probability of detection by using MedCalc statistical
software (https://www.medcalc.org). MPXV, monkeypox virus; NVAR,
nonvariola orthopoxvirus.

assays. Of those, 11 samples obtained from 2 con-
firmed clinical monkeypox case-patients in Hamburg,
Germany, were positive for MPXV DNA. We noted
100% positive (11/11) and 100% negative agreement
(56/56) for the 2 assays (Figure 2).

Results from Different Sample Types and Timepoints
Another 33 clinical samples were longitudinally col-
lected from 4 patients, all of whom were male, 20-40
years of age, and had 6-50 skin lesions; 1 patient had
known HIV infection under treatment. Lesion swabs
generated Ct values of 13.3-16.1, oropharyngeal
swabs Ct values of 13.1-33.3, and blood samples Ct
values of 30.3-38.4. A small sample set of urine had
only low concentrations of viral DNA, Ct 31.1-37.8.
A single patient provided seminal fluid, which had
Ct values of 32.9 for the NVAR assay and 33.9 for the
MPXV assay when diluted in guanidine hydrochlo-
ride solution (Appendix Table 2).

Discussion

The trajectory of the ongoing MPXV outbreak in
Europe and North America has many uncertain-
ties. However, the World Health Organization ac-
knowledges that known clusters represent a change
in transmission pattern and emphasizes the need to
limit further spread (1). Broad availability of molec-
ular testing with short turnaround times is a crucial
prerequisite for reducing monkeypox spread.

We adapted 2 established nonvariola orthopox-
virus and MPXV qPCR assays (9,10) as a duplex test
for the cobas 5800, 6800, and 8800 fully automated
sample-to-result platforms, which are widely used
for high-throughput SARS-CoV-2 diagnostic test-
ing (13). Both assays have been validated exten-
sively against other orthopoxvirus species in previ-
ous studies (9,10) and remain inclusive and highly
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Figure 1. Linearity data for the
dual-target monkeypox virus
assay rapidly adapted from
established high-throughput
molecular testing infrastructure.
A) Nonvariola orthopoxvirus
target; B) monkeypox virus target;
C) absolute Ct for nonvariola
orthopox virus target; D) absolute
Ct for monkeypox virus target.
Linearity was determined by
serial dilution of monkeypox

virus reference material from cell
culture supernatant of Congo
Basin monkeypox strain collected
in 1987. Analysis was performed
on Validation Manager software
(Finbiosoft, https:/finbiosoft.com).
Nonvariola orthopoxvirus slope
was —-3.52, r2= 0.999; monkeypox
virus slope was -3.40, r? = 0.999.
Ct, cycle threshold.

specific for in silico analysis with currently avail-
able monkeypox sequences. We demonstrated ex-
cellent analytical performance of the duplex assay,
showing single-digit detection limits and near-per-
fect PCR efficiency. A spike-in full-process control
assay, similar to commercial in vitro diagnostic
assays, already is included in the open channel re-
agents we used.

Our institution confirmed 4 clinical cases of mon-
keypox, and we used the initial clinical samples as
our clinical positive set. Although the assay was only
validated on swab samples, we also detected MPXV
DNA in EDTA plasma, urine, and seminal fluid di-
luted in guanidine hydrochloride solution without
any method adaptations. Among all tested clini-
cal samples positive for MPXV DNA, swabs of skin

Figure 2. Amplification curves of clinical samples, including internal controls for dual-target monkeypox virus assay rapidly adapted
from established high-throughput molecular testing infrastructure. A) Nonvariola orthopoxvirus; B) monkeypox virus; C) internal control.
Samples included clinical swab specimens of monkeypox lesions, oropharyngeal swab samples, and EDTA plasma from patients with
confirmed monkeypox, Hamburg, Germany. Asterisk (*) in panel B indicates the positive control curve in channel 2, which was the cell
culture supernatant of Congo Basin monkeypox strain collected in 1987. West Africa strain samples exhibit a reduction of approximately
one third in relative fluorescence increase for monkeypox virus, due to a known mismatch in the probe region (Appendix Figure 1,

https://wwwnc.cdc.gov/ElD/article/28/9/22-0917-App1.pdf).
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lesions consistently yielded early Ct values in the low-
to mid-teens, indicating exceedingly high viral DNA
loads, which might be a concern for both personnel
safety and contamination risks. Viral DNA was read-
ily detectable in oropharyngeal swab samples, as
previously reported (2,14). Likewise, EDTA plasma
samples were consistently positive but had later Ct
values, mostly around 30. Further studies could eval-
uate the practical usefulness of plasma or urine for
monkeypox diagnostic purposes or longitudinal viral
load monitoring. Our data regarding MPXV DNA in
different clinical specimen types are well in line with
other published studies (2,14); overall, skin lesion
swab samples appeared to be best suited for diagnos-
tic purposes based on our sample set.

In conclusion, we provided technical perfor-
mance evaluation for a laboratory-developed du-
plex qPCR assay for MPXV detection for use on the
cobas 5800, 6800, and 8800 high-throughput sys-
tems. The assay we describe enables laboratories
to adapt existing automated SARS-CoV-2 molecu-
lar testing infrastructure for a potential large-scale
monkeypox outbreak.
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Tracking Emergence and
Spread of SARS-CoV-2 Omicron
Variant in Large and Small
Communities by Wastewater
Monitoring in Alberta, Canada

Casey R.J. Hubert, Nicole Acosta, Barbara J.M. Waddell, Maria E. Hasing, Yuanyuan Qiu,
Meghan Fuzzen, Nathanael B.J. Harper, Maria A. Bautista, Tiejun Gao, Chloe Papparis,
Jenn Van Doorn, Kristine Du, Kevin Xiang, Leslie Chan, Laura Vivas, Puja Pradhan,
Janine McCalder, Kashtin Low, Whitney E. England, Darina Kuzma, John Conly, M. Cathryn Ryan,
Gopal Achari, Jia Hu, Jason L. Cabaj, Chris Sikora, Larry Svenson, Nathan Zelyas, Mark Servos,
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Wastewater monitoring of SARS-CoV-2 enables early
detection and monitoring of the COVID-19 disease bur-
den in communities and can track specific variants of
concern. We determined proportions of the Omicron
and Delta variants across 30 municipalities covering
>75% of the province of Alberta (population 4.5 million),
Canada, during November 2021-January 2022. Larg-
er cities Calgary and Edmonton exhibited more rapid
emergence of Omicron than did smaller and more re-
mote municipalities. Notable exceptions were Banff, a
small international resort town, and Fort McMurray, a
medium-sized northern community that has many work-
ers who fly in and out regularly. The integrated wastewa-
ter signal revealed that the Omicron variant represented
close to 100% of SARS-CoV-2 burden by late Decem-
ber, before the peak in newly diagnosed clinical cases
throughout Alberta in mid-January. These findings dem-
onstrate that wastewater monitoring offers early and re-
liable population-level results for establishing the extent
and spread of SARS-CoV-2 variants.

he COVID-19 pandemic has led to rapid scien-
tific progress in wastewater-based surveillance
of community infections. Measuring levels of RNA

from SARS-CoV-2 in sewage samples began to be
used as a complementary surveillance tool early
in the pandemic, resulting in hundreds of waste-
water COVID-19 monitoring groups and online
dashboards around the world, including in Alberta
(https:/ /covid-tracker.chi-csm.ca), a jurisdiction of
4.5 million persons in western Canada. This strate-
gy is premised on the fecal shedding of SARS-CoV-2
by infected persons (1,2) and modifies quantitative
reverse transcription PCR (qRT-PCR) workflows
used for diagnosing patients to quantify viral RNA
in sewage sampled at wastewater treatment plants
or other nodes within the sewer network (3-5) at
regular intervals. Teams in Alberta and elsewhere
demonstrated during pandemic waves that waste-
water is a leading indicator of COVID-19; results
typically precede clinically diagnosed cases by 4-6
days (6-9). Sampling, testing, and rapidly reporting
wastewater virus RNA levels provides early warn-
ing of the populationwide disease burden to policy
makers, health officials, and the public, enabling
evidence-based decision making for preparedness
and disease control.
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On November 24, 2021, South Africa first report-
ed the emergence of a novel SARS-CoV-2 variant as-
sociated with rapid community transmission in the
Gauteng province (10). By November 26, the World
Health Organization had labeled Omicron as a new
variant of concern (VOC). Omicron was subsequently
rapidly identified in countries around the world, in-
cluding in Canada, where cases were detected in in-
bound international travelers. The first case of Omi-
cron from clinical specimen testing in Alberta was
confirmed on November 30. By December and into
January 2022, the virus had spread rapidly through-
out large and smaller communities, prompting rein-
troduction of public health restrictions (11,12).

Wastewater testing can differentiate changes in
disease burden caused by different VOCs in commu-
nities (13). As soon as viral genomes of VOCs become
available within the international scientific commu-
nity (e.g., by GISAID, https://www.gisaid.org) (14),
variant-specific PCR primers and probes can be devel-
oped and deployed on regularly collected wastewater
samples to learn more about the dynamics of commu-
nity disease burden caused by VOCs (15). Although
sequencing viral genomes from wastewater is techni-
cally feasible, either through targeted amplicon tiling
protocols (16,17) or shotgun metagenomics (18,19), a
rapid and cost-effective alternative is targeted qRT-
PCR screening of RNA extracted from wastewater to
provide accurate data on VOCs in near-real time (20).

For COVID-19 monitoring in Alberta, wastewa-
ter has been sampled, processed, and analyzed in uni-
versity laboratories in Calgary and Edmonton and the
results reported to health officials and online to the
public, typically 2 days after sample collection. In this
study, we used variant-specific PCR assays to assess the
emergence and temporal change in prevalence of the
Omicron and Delta variants in Alberta by monitoring
wastewater in 30 municipalities, ranging from small
towns (population <10,000) to large cities (population
>1 million), up to 3 times per week. This approach cov-
ered >75% of Alberta’s population of 4.5 million and
demonstrated changes in COVID-19 burden associated
with emergence of the new Omicron variant from late
November 2021 through mid-January 2022.

Methods

Wastewater was collected from municipal treatment
plants across the province as 24-hour composite sam-
ples up to 3 times per week. We isolated RNA from
wastewater by using either ultrafiltration followed
by RNA extraction (5), which was used to process
233 samples, or affinity binding columns that purify
nucleic acids directly (21), used to process 209 sam-
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ples (Figure 1). We applied the same method consis-
tently at a given sampling site throughout the entire
study period. We processed wastewater samples
from 3 geographically disparate treatment plants in
Calgary, Fort McMurray, and Lethbridge, compris-
ing 11% of all samples in the study, by using both
methods for comparison and revealed no significant
difference (Mann-Whitney test: p = 0.46 [Calgary], p
= 0.39 [Fort McMurray], and p = 0.59 [Lethbridge])
(Appendix Figure 1, https:/ /wwwnc.cdc.gov/EID/
article/28/9/22-0476-Appl.pdf).

RNA quantification by qRT-PCR incorporat-
ed a newly designed set of assays that selectively
amplify the BA.1 Omicron variant or the B.1.617.2
Delta variant by targeting mutations R203K/G204R
and R203M in the N200 region of the nucleocapsid
gene (M. Fuzzen et al., unpub. data, https://www.
medrxiv.org/content/10.1101/2022.04.12.2227376
1v1). The R203K/G204R mutation in the BA.1 Omi-
cron variant is also present in the B.1.1.7 Alpha vari-
ant. Clinical screening of cases indicated that the Al-
pha variant was no longer detected in Alberta as of
July 2021 (22). We confirmed this finding by screen-
ing the wastewater samples from this study by us-
ing a separate assay that targets a D3L mutation in
the nucleocapsid gene of the Alpha variant (23). We
quantified total SARS-CoV-2 levels separately with
widely used universal assays targeting the N1 and
N2 regions of the nucleocapsid gene in the wild-type
virus (3,4) and all other VOCs identified to date. We
triplexed N200 assays for Omicron, Delta, and total
SARS-CoV-2 together so we could estimate an Omi-
cron-to-Delta ratio in each wastewater sample using
the Omicron signal (R203K-G204R assay) and the
Delta signal (R203M assay) (M. Fuzzen et al., unpub.
data). This technique enabled us to track the emer-
gence and prevalence of Omicron at the population
level throughout the province.

Wastewater sampling and sample processing
followed by identifying and quantifying SARS-
CoV-2 is intrinsically more complicated than con-
ducting the same PCR strategy on clinical samples
(i.e., nasopharyngeal swabs). Directly comparing
results between different treatment plants is not
normally recommended because of intrinsic het-
erogeneities (e.g., physiochemical differences mani-
festing different PCR inhibition potential; different
proportions of urban, industrial, and agricultural
inputs to urban wastewater; different flow rates and
distances affecting signal degradation) (24). Other
factors, such as population movement between sew-
ershed catchments, can also influence results. These
limitations apply to total SARS-CoV-2 quantification
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and have led to evaluating different population nor-
malization markers in wastewater sample analysis
(25,26). However, the approach presented in this
study for determining Omicron-to-Delta ratios with-
in the same multiplex qRT-PCR reaction overcomes
these issues, because RNA genomes derived from
either variant are expected to react similarly to these
factors. In this regard, we confirmed that subsets
of samples with 100% Omicron showed good cor-
relation between the R203K-G204R (Omicron) and
N1 (total SARS-CoV-2) qRT-PCRs (Appendix Fig-
ure 1). We collected daily numbers of new cases of
COVID-19 clinically diagnosed across the province
by positive PCR test from the Data Analytics branch
of Alberta Health Services and reported them using
a 7-day rolling average (Figure 1).

Results

Omicron variant SARS-CoV-2 was first detected
in Alberta community wastewater during late No-
vember and early December (corresponding to the

displacement of the Delta variant) (Figure 1; Appen-
dix Table). In Calgary, 4 consecutive samples col-
lected during December 5-9 revealed the sustained
presence of 3%-9% Omicron (compared with >90%
Delta) among infected persons contributing to the
sewershed in this cosmopolitan city of 1.3 million.
Omicron was first detected in wastewater in the
capital city of Edmonton (population 1.1 million) on
December 10 (15% Omicron, 85% Delta). The rate of
increase of Omicron in the international resort town
of Banff was higher than in larger cities such as Cal-
gary and Edmonton (Figure 1, panel A), and Omi-
cron surpassed 80% in samples taken 3 times a week
during December 20-23 (Appendix Table). By that
time, Calgary and Edmonton had just passed 50%
Omicron, and the proportion of Omicron infections
was growing in smaller bedroom communities ad-
jacent to these 2 large urban centers (e.g., Okotoks,
High River, Strathmore, and especially Airdrie,
which are all <70 km from Calgary) (Figure 1; Ap-
pendix Figure 2). Communities that experienced the

Figure 1. Spread of SARS-CoV-2 Omicron variant in community wastewater samples, Alberta, Canada, November 2021-January 2022.
A, B) Percentage of Omicron RNA detected in community wastewater samples (data lines) compared with the 7-day rolling average

of new clinical cases reported in Alberta (gray shading). RNA was assessed by using quantitative reverse transcription PCR assays

for specific variants following sample processing using ultrafiltration (A) or affinity columns (B). Lines of best fit plotted with second
order smoothing are shown for different wastewater treatment plants, including 3 that had samples processed using both ultrafiltration
and affinity columns for comparison (Calgary-1, Fort McMurray, and Lethbridge; for details of this comparison, see Appendix Figure 1
[https://wwwnc.cdc.gov/ElD/article/28/9/22-0476-App1.pdf]). Monitoring began on November 28, 2021, and lasted for 53 days (plotted
as consecutive days on the x-axes). The 7-day rolling average of new cases increased after the Omicron variant was predominant

in municipal wastewater from 30 communities sampled. C) Locations of 21 treatment plants (Appendix Table) serving communities
throughout the province. Abbreviations are as shown in panels A and B. Calgary and Edmonton are served by 3 and 2 treatment plants,
respectively, and some individual treatment plants also serve multiple municipalities (e.g., Edmonton-2 serves >10 others; Red Deer

serves 3 others; Calgary’s treatment plants serve 3 others).
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most delayed emergence of Omicron were smaller
and more remote; Brooks (population 14,451, 190
km from Calgary) and Taber (population 19,070, 263
km from Calgary) did not reach high proportions of
Omicron until late December (Appendix Table).

The general trend demonstrated by this analysis of
objective wastewater evidence is that large cities expe-
rienced the emergence of a newly introduced virus be-
fore smaller centers farther away from cities, but with
notable exceptions. Banff, located 127 kilometers west
of Calgary, experienced a more rapid onset of Omicron
infection than anywhere else in the province despite
its resident population (13,427 persons) being <1% of
the Calgary population and the smallest among moni-
tored communities (Appendix Figure 2, panel B). Banff
is an international resort community in Banff National
Park, Canada’s busiest national park, which attracts >4
million visitors annually from around the world (27).
Early detection of Omicron in Banff might correspond
to attracting tourists at the onset of the ski season in No-
vember and December. Of note, the nearby and slightly
larger mountain town of Canmore (population 27,664),
located 105 kilometers west of Calgary (22 km east of
Banff and outside the national park), experienced a
much later emergence of Omicron infections. This delay
is likely related to Canmore hosting fewer international
tourists than Banff and featuring less high-density dor-
mitory-style housing, where much of the worker popu-
lation supporting Banff’s tourism industry resides.

More remote communities located a greater dis-
tance away from Alberta’s large international airports
exhibited later emergence of the Omicron variant
(Figure 1; Appendix Figure 2). The Calgary Interna-
tional Airport serves 16 million travelers per year
with direct flights arriving from 15 countries (28),
compared with 8 million travelers and 6 countries for
Edmonton International Airport (29). Plotting Omi-
cron dynamics in Alberta municipalities as a function
of distance from Calgary (Appendix Figure 2, panel
C) suggests a link to international travel whereby in-
coming travelers introduce a new virus into a large
densely populated urban center, enabling its spread.
International travel in and out of Alberta increased
sharply in November and December; 22,700 passen-
gers came through Alberta in November and 28,800
in December, compared with only 8,400 travelers
during the first 10 months of 2021 combined (30).

Fort McMurray offers an interesting example in
relation to domestic air travel. Despite being a remote,
relatively small (population 79,205) northern commu-
nity farther from Calgary than any other municipality
sampled in this study, Fort McMurray exhibited an
Omicron emergence comparable to the rapid onset in
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Calgary. Fort McMurray has one of the busiest airports
in Canada to accommodate shift workers commuting
from across the country to work in the oil sands indus-
try (31). This high level of contact with other parts of
Canada is likely to result in rapid introduction of an
emerging virus such as the Omicron variant. Workers
traveling to Fort McMurray from other provinces or
from major urban centers in Alberta likely contributed
to accelerated Omicron emergence relative to other
smaller or remotely situated Alberta municipalities.

The rapid emergence of Omicron in Calgary, Ed-
monton, Banff, and Fort McMurray is especially evi-
dent when this variant comprised lower proportions
of the SARS-CoV-2 community burden. The time re-
quired for these 4 communities to surpass 10% Omi-
cron was on average (+ SEM) 10.9 + 2.0 days faster
than the other communities, highlighting the signifi-
cantly earlier emergence of Omicron in these loca-
tions (p<0.0001 by unpaired t-test) (Figure 2, panel
A). These significant differences are maintained by
using Omicron cut-offs of 50% (6.3 + 2.7 days faster;
p = 0.0331), and the trend is similar at 90% (5.0 + 2.6
days faster; p = 0.0686) (Figure 2, panels B and C).
Later emergence of Omicron infections in the less
populated outlying communities of Taber, Cold Lake,
Lacombe, and Brooks is clearly evident using the 50%
cutoff (Figure 2, panel B). In these 4 locations, Omi-
cron surpassed Delta on average 9.8 + 1.8 days later
than the other communities, highlighting the signifi-
cantly slower emergence of infection in these small-
er, more remote settings (p<0.0001). Some evidence
suggests lower adherence to COVID-19 public health
interventions in rural settings than in urban settings,
including in Alberta (32,33), but less densely popu-
lated remote areas can experience slower spread of
SARS-CoV-2 (34,35) because of less frequent interac-
tion events, which could potentially contribute to the
patterns we report in this study.

Discussion

Wastewater results demonstrate that the emergence
of Omicron was the driver of clinical cases increasing
in December and January during Alberta’s fifth wave
(Figure 1, panels A, B). During this time, COVID-19
public health surveillance shifted to much more fo-
cused PCR testing that prioritized essential workers,
patients at risk for severe illness and eligible for early
treatment, and patients in emergency departments
with more serious illness (36). This shift resulted in
PCR testing dramatically underestimating total disease
burden in the population relative to earlier waves. Re-
ported clinical cases still show a steep increase after
the emergence and propagation of Omicron revealed
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Figure 2. Number of days required for the SARS-CoV-2 Omicron-to-Delta variant ratio to pass thresholds of 10% (A), 50% (B), and 90%
(C) of community COVID-19 burden, Alberta, Canada, November 2021-January 2022. General trends of Omicron emergence are shown
as a function of decreasing population size and distance from the nearest airport in Calgary, Edmonton, or Fort McMurray. Bubble plots only
include data from Calgary-1 and Edmonton-1 wastewater treatment plants (the largest plant from each city), scaled to the population of the
corresponding sewershed subcatchment in those cities. AIR, Airdrie; BAN, Banff; BRO, Brooks; CAL, Calgary; CAM, Canmore; COL, Cold
Lake; DRU, Drumheller; EDM, Edmonton; FMM, Fort McMurray; GRP, Grande Prairie; HIR, High River; LAC, Lacombe; LET, Lethbridge;
MEH, Medicine Hat; OKO, Okotoks; RED, Red Deer; STR, Strathmore; TAB, Taber; WWTP, wastewater treatment plant.

by wastewater testing (Figure 1, panels A, B). These
dynamics mirror the shift from Delta to Omicron in
Alberta, confirmed clinically by screening subsets of
samples using PCR for VOCs and genome sequencing,
which revealed levels of Omicron to be >50% by De-
cember 16 and >95% by December 28 (22). This find-
ing demonstrates that wastewater surveillance reliably
provides information vital to public health officials.
VOC information derived from viral genome
sequencing of clinical samples in Alberta is nonran-
dom (which is also the case in many other jurisdic-
tions), placing emphasis on clinical cases of interest
(e.g., outbreaks, hospitalizations) or incoming inter-
national travelers (37). Similarly, clinical PCR testing
is susceptible to changes in testing policies, capacity
limitations, or persons not getting tested (e.g., by per-
sonal choice or when infections are asymptomatic)
(28). Wastewater testing offers an unbiased repre-
sentation of disease prevalence, capturing all persons
and groups contributing to the sewershed. This com-
prehensive coverage can be achieved for a tiny frac-
tion of the cost of clinical testing on a per capita basis
(39). In large cities such as Calgary and Edmonton,
which have >1 million residents (Figure 2; Appendix
Figure 1), monitoring wastewater for COVID-19 com-
munity burden costs only a few cents per person per
year (based on testing 3 times per week in Alberta)
and can provide objective information about com-
munity infection to public health authorities, policy
makers, and the public in near-real time. COVID-19
clinical testing strategies and resources are becom-
ing more targeted with jurisdictions such as Alberta
turning to self-testing and less frequent public re-
porting. Wastewater monitoring offers an objective
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population-based surveillance metric of disease bur-
den that continues to deliver real-time information on
COVID-19 and could potentially be adapted for other
emerging pathogens.

This article was preprinted at https:/ /www.medrxiv.org/
content/10.1101/2022.03.07.22272055v1.
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Age-Dependent Effects
of COVID-19 Vaccine and
of Healthcare Burden on
COVID-19 Deaths, Tokyo, Japan

Yura K. Ko, Hiroaki Murayama, Lisa Yamasaki, Ryo Kinoshita, Motoi Suzuki, Hiroshi Nishiura

COVID-19 vaccine effectiveness against death in Japan
remains unknown. Furthermore, although evidence in-
dicates that healthcare capacity influences case-fatality
risk (CFR), it remains unknown whether this relationship
is mediated by age. With a modeling study, we analyzed
daily COVID-19 cases and deaths during January—Au-
gust 2021 by using Tokyo surveillance data to jointly esti-
mate COVID-19 vaccine effectiveness against death and
age-specific CFR. We also examined daily healthcare op-
erations to determine the association between healthcare
burden and age-specific CFR. Among fully vaccinated
patients, vaccine effectiveness against death was 88.6%
among patients 60—69 years of age, 83.9% among pa-
tients 70-79 years of age, 83.5% among patients 80—89
years of age, and 77.7% among patients >90 years of
age. A positive association of several indicators of health-
care burden with CFR among patients >70 years of age
suggested an age-dependent effect of healthcare burden
on CFR in Japan.

ince the emergence of SARS-CoV-2 in Japan,

COVID-19 has remained a substantial public
health concern. As of September 1, 2021, the cumula-
tive number of reported cases in Japan had reached
1,482,000, resulting in >16,000 deaths. Among those,
346,742 cases and 2,500 deaths occurred in Tokyo
alone (1). Officials at various levels have requested
the cooperation of residents in implementing several
nonpharmaceutical measures to mitigate disease bur-
den and prevent the collapse of the healthcare system
(2). In addition, mass vaccination has been publicly
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available in Japan since April 12, 2021, initially tar-
geting persons >65 years of age. Three types of vac-
cine have been used in Japan: mRNA-1273 (Moderna,
https:/ /www.modernatx.com), BNT162b2 vaccine
(Pfizer-BioNTech, https://www.pfizer.com), and
ChAdOx1 nCoV-19 vaccine (AstraZeneca, https://
www.astrazeneca.com). As of September 1, 2021,
vaccination coverage in Tokyo reached 58.1%, and
87.9% of persons >65 years of age had completed the
2-dose regimen (3).

Numerous studies have investigated vaccine ef-
fectiveness (VE) against SARS-CoV-2, and most de-
rived their estimates by using test-negative designs
or cohort analyses (4-7). However, attaining a sam-
ple size sufficient for such rigorous epidemiologic
investigation requires a substantial amount of time,
especially in countries like Japan, where COVID-19
mortality rate is low. Nonetheless, the need for valid
real-world estimates of VE against death is urgent.

Case-fatality risk (CFR) acts as a proxy for disease
virulence and is often used to identify risk factors for
death within a population (8). A previous study indi-
cated that the CFR for COVID-19 varies substantially
with age (9). Detailed time-series surveillance data,
including incidence and death information as well
as background characteristics (e.g., patient age, sex,
vaccination status), are critical for elucidating SARS-
CoV-2 virulence in real time during the pandemic (9).
Therefore, we aimed to jointly estimate VE against
death and CFR on the date of death according to age
by using both local-level and national-level surveil-
lance data from Tokyo during the period when the Al-
pha or Delta variant was predominant (10,11). Crude
CFR, defined as the ratio of the cumulative number
of deaths to the cumulative number of confirmed
cases, can underestimate actual CFR when cases are
increasing and overestimate it when they are decreas-
ing (12). To address this issue, which results from the
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delay from reporting to death and is referred to as
right truncation bias, we constructed a mathematical
model incorporating the time delay.

Several studies have also demonstrated that
healthcare capacity substantially influences CFR (13-
15). As COVID-19 incidence increases, the healthcare
burden in the region also increases, and infected per-
sons with severe signs/symptoms may not be able to
receive rapid and appropriate treatment (i.e., ventila-
tor support, extracorporeal membrane oxygenation
[ECMO]). Thus, CFR may increase, given that a lim-
ited number of patients with severe signs/symptoms
would be able to receive proper treatment. Therefore,
monitoring healthcare capacity along with CFR could
be a way to implement appropriate public health inter-
ventions tailored to the temporal situation. With this
study, we aimed to examine temporal changes in age-
specific CFR with respect to the healthcare burden. No
ethics approval was required because the data were
anonymized and collected in response to the outbreak.

Methods

Data Collection
In this modeling study, we used publicly available
local-level data published by the Tokyo Metropoli-
tan Government (16) to estimate VE against death
and time-varying CFR. The number of positive cases
according to the date of diagnosis and the number
of deaths at specific time points were evaluated for
each age group. We obtained data regarding vacci-
nation status (fully vaccinated, partially vaccinated,
and unvaccinated) among SARS-CoV-2-positive
persons and deaths in Tokyo during each epide-
miologic week by using the national-level Health
Center Real-Time Information-Sharing System on
COVID-19 (HER-SYS) (17).

The government of Japan recognized COVID-19
as a designated infectious disease in January 2020,
after which a legal mandate to report all confirmed
COVID-19 cases to the Ministry of Health, Labour, and
Welfare was issued. In Tokyo, in addition to PCR and
antigen testing for symptomatic persons and close con-
tacts, screening testing has been conducted to detect
outbreaks at early stages in facilities where clusters are
likely to occur (18). Since May 2020, incidence report-
ing to the national government has been conducted
through HER-SYS, and all diagnosed COVID-19 cases
in the country are registered in this system. Although
essential epidemiologic information for case identifi-
cation (e.g., age, sex, and date of diagnosis) is entered
into HER-SYS, details regarding prognosis may be
incomplete. Thus, information related to death may

1778

not be entered, especially when public health centers
are faced with an overwhelming workload. However,
as a public health measure, the Tokyo Metropolitan
Government has published information related to all
COVID-19 deaths in Tokyo, including age, date of di-
agnosis, and date of death.

To analyze the effect of the healthcare burden on
the CFR, we obtained the daily proportion of asymp-
tomatic cases at the time of report in each age group
by using HER-SYS. We collected data associated with
the following 4 variables from the Tokyo Metropoli-
tan Government website and used them as indicators
of the healthcare burden in Tokyo (19): the number
of persons with severe COVID-19 cases, defined as
those requiring a ventilator or ECMO; the number
of persons to whom the Tokyo rules apply, defined
as persons for whom the care site destination has not
been determined within 20 minutes of the emergency
medical services team’s request for or selection of 5
medical institutions to receive the patient; the pro-
portion of nonhospitalized COVID-19 case-patients
among all case-patients reported that day; and the
proportion of case-patients for whom coordination of
the care site was in progress.

To avoid underestimating the disease burden of
COVID-19, we defined COVID-19-related deaths as
death within 60 days of diagnosis, not within 28 days.
To account for reporting delays, we accessed data as
of November 15, 2021, for both HER-SYS and Tokyo
Metropolitan Government published data, and we in-
cluded data up to August 31, 2021.

Handling of Vaccination Data

For case-patients for whom date of vaccination was
known, we considered those for whom date of vac-
cination and date of diagnosis were separated by
14 days to be fully vaccinated. All case-patients for
whom date of vaccination was unknown were also
considered fully vaccinated.

To avoid underestimating the number of positive
cases and deaths among fully vaccinated case-patients,
we used logistic regression to impute vaccination sta-
tus for case-patients with unknown vaccination his-
tory in HER-SYS. In this analysis, we considered the
month of diagnosis, age, presence of symptoms, and
occurrence of death to be associated with vaccination
history (Appendix, https://wwwnc.cdc.gov/EID/
article/28/9/22-0377-Appl.pdf).

Estimating VE Against Death and Time-Varying

CFR According to Age Group

To jointly estimate VE against death and CFR by age
group, we modeled the process to generate data for
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deaths by using data for confirmed case-patients
for whom date of diagnosis was available and for
deceased case-patients for whom date of death was
available. Because a delay between diagnosis and
death leads to complexity when using confirmed
cases and deaths in a model (Appendix Figure 1), we
convoluted the incidence on a specific date of diag-
nosis with the function representing the age-specific
relative frequency of the delay and estimated the
number of cases on a provisional date of death as
a denominator of CFR. In this setting, we explicitly
modeled the binomial process according to vaccina-
tion history while incorporating VE and CFR against
death for both partially and fully vaccinated case-pa-
tients, which were considered unknown parameters.
We estimated these unknown parameters by using
the Markov chain Monte Carlo method with improp-
er flat priors. In addition, we calculated the probabili-
ties representing the unconditional protection against
death for partially and fully vaccinated persons by
exploiting the posterior distributions of VE against
death and VE against documented infection in Japan,
as reported elsewhere (20). We conducted all proce-
dures according to age stratification (Appendix).

To determine the effect of COVID-19 vaccination
on the burden of the disease, we simulated the daily
cumulative incidence of deaths by using the estimated
conditional VE against death and CFR in 2 scenarios.
The scenarios were if all reported case-patients were
fully vaccinated and if all positive case-patients had
not been fully vaccinated.

As a sensitivity analysis, we also estimated VE
and CFR against death in 2 contexts. First, we exclud-
ed all case-patients with unknown vaccination status
and definition of death occurring within 28 days of
diagnosis as COVID-19-related. In addition, to avoid
overestimation, we used the different assumptions
of VE against documented infection, setting 40% for
partially vaccinated case-patients and 80% for fully
vaccinated case-patients on the basis of previous re-
ports, which estimated VE against infection with the
Delta variant (4).

Effects of Healthcare Burden on CFR,

According to Age Group

Next, we explored the effect of the healthcare burden
on time-varying age-specific CFR by using data for
confirmed case-patients and deaths of unvaccinated
case-patients. We constructed a Bayesian multilevel
model for the unvaccinated population based on the
binomial process, which had already been construct-
ed for the joint estimation of CFR and VE. Assuming
that the CFR follows a B distribution in the binomial
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process, we performed an inverse logit transforma-
tion on its mean, in which the explanatory variables
were embedded as a regression model. As explana-
tory variables, we considered the daily empirical as-
ymptomatic rate by age and each of the 4 healthcare
burden indicators. The asymptomatic rate was added
as an explanatory variable because that rate may be
considered to be biologically identical among the
infected population; however, the rate among PCR-
confirmed case-patients varies because of changes in
testing policies and intensity of contact tracing (ascer-
tainment bias) and, therefore, is suitable for adjusting
for such bias.

We then selected the best-fit model for the length
of lag of each healthcare burden indicator. We estimat-
ed the parameters (i.e., coefficients o, and a.,, intercept
B, and the variance of the  distribution k) in a Bayesian
framework with weakly informative priors (o, 3,, and
B are normally distributed with mean 0 and variance
100; x is normally distributed with mean 0 and vari-
ance 10). For model selection, we computed the widely
applicable information criterion by using the margin-
alized posterior log-likelihoods (21). We used Markov
chain Monte Carlo for this analysis (Appendix).

Results

We included in our study all 2,065 COVID-19-asso-
ciated deaths reported by the Tokyo Metropolitan
Government for case-patients >30 years of age during
January 1-August 31, 2021. We calculated the percent-
ages by vaccination status for each of SARS-CoV-2-
positive case-patients and deaths by using HER-SYS
data, which required imputation of unknown vac-
cination status for 10,327 case-patients. On the basis
of imputation, we considered 752 case-patients to be
partially vaccinated, 390 fully vaccinated, and the
rest unvaccinated. The proportions of positive cases
and deaths after full vaccination increased over time,
starting with older adults (Figure 1).

Among partially vaccinated case-patients, esti-
mates of VE against death in each age group ranged
from 34% to 66%. Among fully vaccinated case-pa-
tients, VE against death were 38.0% (95% credible in-
terval [Crl] 2.6-82.4), 88.6% (64.3-98.1), 83.9% (68.8-
92.9), 83.5% (72.5-91.0), and 77.7% (60.7-89.4) among
case-patients who were 30-59, 60-69, 70-79, 80-89,
and >90 years of age, respectively. Unconditional
protection against death was estimated as 93.8%
(90.3-98.2) in the 30-59-year age group and >97% in
the >60-year age groups (Table). The sensitivity anal-
ysis revealed similar results for age-specific VE (Ap-
pendix Table 1). We also observed temporal changes
in CFR according to age group. Minimum estimated
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Figure 1. Effects of COVID-19
vaccine on deaths, stratified

by age group, Tokyo, Japan,
January—August 2021. A)

Daily number of SARS-CoV-2—
positive case-patients (bar) and
proportion of fully vaccinated
SARS-CoV-2—positive case-
patients (line, 7-day moving
average). B) Daily number of
deaths (bar) and proportion of
deaths among fully vaccinated
case-patients (line, 7-day
moving average). Ranges
indicate years of age. From
top to bottom, age groups are
30-59, 60-69, 70-79, 80-89,
>90 years.

median values were 0.14%, 1.30%, 3.12%, 6.81%, and
8.87% and maximum estimated median values 1.02%,
5.37%, 13.76%, 27.08%, and 41.16% among persons
30-59, 60-69, 70-79, 80-89, and >90 years of age, re-
spectively (Appendix Figure 2).

Subsequently, our simple simulation showed
that among case-patients >60 years of age, if all had
been vaccinated, the counterfactual number of deaths
would have been less than one third to one fifth of ac-
tual deaths. If all case-patients had been unvaccinat-
ed, the counterfactual number of deaths would have
increased by 100-200 in each age group (Figure 2).

An exploratory analysis of the effect on CFR of
each of the 4 Tokyo healthcare burden indicators ac-
cording to age group revealed that the number of
severe cases was positively associated with CFR for
persons 70-79, 80-89, and >90 years of age. Like-
wise, the number of cases to which Tokyo rules ap-
plied also exhibited a positive association with CFR
among those who were 70-79 years of age, and both
the proportion of nonhospitalized case-patients and
the proportion of case-patients for whom coordina-
tion of hospital care was in progress were positively
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associated with CFR among persons who were 80-89
years of age (Appendix Table 2). When we compared
CFR estimated using the best-fit model with CFR es-
timated jointly with the VE against death, the models
in the 70-79-year and 80-89-year age groups captured
a part of the variation in the temporal change in CFR
(Figure 3). We were not able to capture the time varia-
tion in CFR and the healthcare burden indicators for
those in the 30-69-year age groups.

Discussion

Our joint estimation of VE against death and age-
specific CFR in Japan, using surveillance data, indi-
cated that during the period when the SARS-CoV-2
Alpha or Delta variant was predominant (10,11), VE
against death in fully vaccinated persons >60 years of
age was as high as 80%; estimates were unstable for
those 30-59 years of age because of the small number
of deaths in the corresponding age groups. Uncondi-
tional protection from death was also estimated to be
extremely high (>97%) for persons in all age groups.
These results suggest that even if breakthrough infec-
tions occur, VE against deaths was sufficiently high
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Table. Estimated COVID-19 vaccine effectiveness in terms of protection against death over test-positive and unconditional protection
against death, by age group, Tokyo, Japan, January 1-August 31, 2021*

Vaccine effectiveness (95% credible interval)

Effect of interest, by age, y

Partially vaccinated*

Fully vaccinatedt

Protection against death over documented infection
30-59y

34.2 (2.2-71.4)

38.0 (2.6-82.4)

60-69y 66.1 (33.0-85.4) 88.6 (64.3-98.1)
70-79y 38.2 (7.3-63.8) 83.9 (68.8-92.9)
80-89y 46.4 (17.9-68.7) 83.5(72.5-91.0)
>90y 52.7 (19.6-76.6) 77.7 (60.7-89.4)
Unconditional protection against death
30-59y 68.7 (53.5-86.4) 93.8 (90.3-98.2)
60-69y 83.9 (68.1-93.0) 99.2 (97.4-99.9)
70-79y 70.6 (565.9-82.8) 99.3 (98.6-99.7)
80-89y 74.5 (60.9-85.1) 99.4 (98.9-99.6)
>90y 77.5(61.8-88.8) 98.4 (97.1-99.2)

*14 d after the first vaccination and <14 d after the second vaccination.
114 d after the second vaccination.

enough to avert most of the risk for COVID-19 death
during the predominant periods of Alpha and Delta.
Given the length of time required to collect sufficient
cases to achieve a plausible estimate of VE against
death in test-negative designs or cohort studies, our
analysis of surveillance data demonstrates the ben-
efits of vaccine dissemination in the general popula-
tion. We also believe that the approach used in our
study, which jointly estimated CFR and VE against
death by using only the number of positive cases and
deaths according to vaccination status, is a practical
method that can be naturally extended to the effec-
tiveness of booster vaccine and applied in various
countries and regions.

Our results suggest that VE against death from
COVID-19 declines with age. These results are

consistent with the findings of previous reports,
which indicated that the decline in VE estimates ob-
served in older adults may be related to age-related
immune senescence, which limits the protective ef-
fects of vaccines (22).

In the exploratory analysis investigating the ef-
fect of the healthcare burden on CFR, the regression
coefficients with their uncertainty bounds were
positive for many indicators among older adults,
especially those 80-89 years of age, including the
number of patients with severe cases, the propor-
tion of nonhospitalized case-patients, and the pro-
portion of case-patients for whom coordination of
the care site was in progress. Among those 70-79
and 80-89 years of age, the healthcare burden in-
dicators and rate of asymptomatic illness captured

Figure 2. Cumulative number of COVID-19 deaths in
counterfactual scenarios (i.e., all positive case-patients
vaccinated, all positive case-patients unvaccinated, and actual
reported cases), Tokyo, Japan, January 1-August 31, 2021. A)
30-59; B) 60-69; C) 70-79; D) 80-89; E) >90 years of age.
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Figure 3. Comparison of COVID-19 CFR predictions based

on indicators of healthcare burden and asymptomatic rate with
CFR when jointly estimated with VE, Tokyo, Japan, January 1—
August 31, 2021. Shaded areas show 95% credible intervals.
A) 30-59; B) 60-69; C) 70-79; D) 80-89; E) >90 years of age.
CFR, case-fatality risk; VE, vaccine effectiveness.

the upward trend in CFR in February and August
2021; among those >90 years of age, some of the
time-varying trends were captured, although they
frequently diverged from the estimated CFR. This
finding may be because do-not-resuscitate orders
are relatively more common among persons >90
years of age, which may have been an unconsid-
ered confounder in our analysis. Furthermore, the
temporal change in CFR could not be captured by
the healthcare burden indicators for the younger
age groups. Although many countries have re-
ported that mortality rate increases with healthcare
burden and reduced capacity (13-15), our results
suggest that the effect of healthcare burden on CFR
differs according to age group. One explanation is
the possibility that medical resources such as ven-
tilators and ECMO were preferentially allocated to
young persons with severe cases. As in France in
the early stages of the pandemic (23), even if not
explicitly documented, these triage procedures
probably took place, especially during July-August
2021, when the number of infected persons and
deaths soared. From a clinical perspective, delays
in treatment initiation have been reported to lead
to poor outcomes (24). It is also possible that frail
older case-patients were more affected by delays in
treatment initiation because of healthcare burden.
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Such age-dependent differences may be useful for
determining appropriate public health counter-
measures. However, as we aimed to propose that
vulnerability to healthcare burden varies by age,
the effect of healthcare burden may not necessar-
ily be causal. Further studies are required to deter-
mine whether this hypothesis can be constructed
with causality.

Among the limitations of our study, we obtained
information about vaccination status from HER-
SYS. During the study period, vaccination status in
the HER-SYS was automatically entered as unvac-
cinated if no input was provided, which may have
resulted in underestimation of case-patients with
unknown vaccination status. However, the propor-
tion of fully vaccinated case-patients increased over
time as the vaccination coverage in the population
progressed (Figure 1). Furthermore, the same trend
was observed even in August 2021, when the epi-
demic was most severe and the workload at pub-
lic health centers and hospitals was considered the
greatest, suggesting that the quality of data entered
for vaccination status was maintained to some ex-
tent. A second limitation is that although other risk
factors, such as underlying disease, can contribute to
severe outcomes, we were not able to take this into
account because of the limited information available
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in the surveillance dataset. Differences in the pro-
portions of these risk factors between the vaccinated
and unvaccinated groups may have biased estimates
of VE. Third, we could not obtain information about
reinfection status from the dataset. However, the in-
cidence of reinfection was reported to be very low
before the emergence of the Omicron variant (25).
We believe that the effect of reinfection on our analy-
sis was small. Fourth, when exploring the effect of
healthcare burden on CFR, we did not consider the
effects of newly emerging variants. In Japan, dur-
ing the study period, the Alpha variant began to
increase in February 2021 and became predominant
in June, and the Delta variant surged in the follow-
ing 2 months (10). Fifth, we did not account for the
introduction of therapeutic agents (antibody cock-
tail of casirivimab and imdevimab) in our analysis.
Sixth, we used the number of persons with severe
cases and the proportion of nonhospitalized case-
patients as proxies for healthcare burden but did
not take into account the increased provision of bed
capacity for hospitalized patients and patients with
severe cases during the study period. However, as
with the other proxy indicators of healthcare burden
used in our study, we believe that they indirectly re-
flect part of the medical situation because they also
peaked during January-February and July-August
2021, when the number of cases increased (Appen-
dix Figure 3). Last, ascertainment bias is always a
problem when estimating CFR, and it may not have
been fully eliminated in this analysis. Although test-
ing policies (PCR or antigen tests) did not change
substantially over the study period, the frequency
and scale of screening tests may have been affected
by the size of the epidemic. In particular, screening
capacity for nursing homes was probably limited in
August 2021, when the magnitude of the epidemic
was greatest. This possibility is suggested by the fact
that the proportion of asymptomatic case-patients
among those >90 years of age decreased during the
same period (Appendix Figure 4). However, we at-
tempted to address this bias as much as possible
by including the asymptomatic rate among SARS-
CoV-2-positive case-patients in Tokyo as an explan-
atory variable.

In summary, our study estimated VE against
death in Japan based on surveillance data. Our find-
ings highlight the potential effect of the healthcare
burden on CFR, especially among older adults. The
positive association between several indicators of
healthcare burden and CFR among patients >70 years
of age suggests an age-dependent effect of healthcare
burden on CFR in Japan.
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We investigated invasive group A Streptococcus epide-
miology in Idaho, USA, during 2008—2019 using surveil-
lance data, medical record review, and emm (M protein
gene) typing results. Incidence increased from 1.04 to
4.76 cases/100,000 persons during 2008-2019. emm 1,
12, 28, 11, and 4 were the most common types, and 2
outbreaks were identified. We examined changes in dis-
tribution of clinical syndrome, patient demographics, and
risk factors by comparing 2008—2013 baseline with 2014—
2019 data. Incidence was higher among all age groups
during 2014-2019. Streptococcal toxic shock syndrome
increased from 0% to 6.4% of cases (p = 0.02). We iden-
tified no differences in distribution of demographic or risk
factors between periods. Results indicated that invasive
group A Streptococcus is increasing among the general
population of Idaho. Ongoing surveillance of state-level
invasive group A Streptococcus cases could help identify
outbreaks, track regional trends in incidence, and moni-
tor circulating emm types.

Invasive group A Streptococcus (iIGAS) disease is a
severe bacterial infection caused by Streptococcus
pyogenes, sometimes called strep A; ~25,000 cases
occurred in the United States in 2019 (1). iGAS dis-
ease is defined as illness associated with detection of
group A Streptococcus in a normally sterile site, such
as blood, pleural fluid, joint fluid, or deep tissue.
iGAS has different clinical syndromes, including
bacteremia without focus, pneumonia, and cellulitis,
and severe manifestations, include necrotizing fasci-
itis and streptococcal toxic shock syndrome (STSS).
The highly variable M protein, encoded by emm (M
protein gene), is essential for virulence and serves as
the primary target for epidemiologic typing of GAS
(2). Most patients with iGAS are hospitalized and
the estimated case-fatality rate in the United States
is 12% (3). Numerous risk factors are associated with
iGAS, including older age, diabetes, HIV infection,
heart disease, cancer, obesity, injection drug use,
long-term care facility (LTCF) residence, homeless-
ness, preceding or concurrent influenza infection,
and exposure to children with sore throats (4-9). No
licensed vaccines for GAS exist despite its substan-
tial global disease burden: an estimated 1.78 million
new cases of severe GAS (iGAS, acute rheumatic fe-
ver, theumatic heart disease, and poststreptococcal
glomerulonephritis) and 517,000 deaths occurring
each year (10). In 2019, the World Health Organiza-
tion recognized GAS as a leading cause of infectious
disease burden and proposed better characterization
of GAS epidemiology as a priority activity for vac-
cine development (11).

During the past decade, iGAS incidence has in-
creased in the United States, Canada, Ireland, Aus-
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tralia, and New Zealand (1,12-16). Reasons for these
increases are unclear but could include changing
demographics (e.g., an aging population at higher
risk for iGAS), rising prevalence of other risk factors
associated with iGAS infection, or changes in circu-
lating emm types. In some US states, iGAS outbreaks
among specific populations (e.g., persons experienc-
ing homelessness or who inject drugs) or the emer-
gence of rarely occurring emm types were linked
to increases in iGAS incidence (17-21). In Idaho, a
rural, western US state with a 2020 population of
~1.8 million persons, iGAS is a reportable disease.
We conducted a retrospective analytical study using
surveillance data, emm typing results, and medical
record review to describe the epidemiology of iGAS
in Idaho during 2008-2019. In addition, we com-
pared cases reported during 2014-2019 with cases
from a lower-incidence 2008-2013 baseline period to
determine whether clinical syndromes, patient de-
mographics, and risk factors were associated with
increased iGAS incidence.

Methods

Case Identification and Data Collection

We defined confirmed iGAS cases as S. pyogenes isolat-
ed by culture from a normally sterile site (e.g., blood, or
cerebrospinal, joint, pleural, or pericardial fluids). Cas-
es of iGAS in Idaho must be reported to the Idaho Di-
vision of Public Health or local public health agencies,
according to Idaho reportable disease rules (https://
publicdocuments.dhw.idaho.gov/WebLink/
DocView.aspx?id=6798&dbid=0&repo=PUBLIC-
DOCUMENTS). Reportable disease surveillance is a
passive surveillance system, and with rare exceptions,
reports are submitted by laboratories. After iGAS cases
are reported, local public health district epidemiolo-
gists collect data and determine whether a given case
is associated with a congregate setting or an outbreak.
For this retrospective study, we used information
about iGAS cases reported during 2008-2019, includ-
ing patient demographics, laboratory reports, and data
obtained from public health investigations, recorded
in the Idaho National Electronic Disease Surveillance
System Base System (NBS) and from review of medi-
cal records to collect additional clinical and risk factor
information. We viewed medical records in the Idaho
Health Data Exchange or obtained them by faxing
medical record requests to hospitals. Because reported
iGAS cases increased substantially from 2013 to 2014,
we reviewed reporting facilities and submission pro-
cedures to determine whether potential changes in re-
porting methods (for example, an increase in electronic
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over manual reporting) might have contributed to the
increase in reported cases.

We obtained data concerning hospitalization and
death from NBS or medical records; however, the re-
cords for fatal cases did not always indicate whether
iGAS was considered a cause of or contributing fac-
tor to death. Case information encompassed patient
demographics (i.e., age, sex, race and ethnicity), type
of residence, clinical syndrome (i.e., pneumonia,
bacteremia, meningitis, cellulitis), and underlying
conditions and behavioral risk factors (i.e., diabetes,
skin wound or injury, cancer, chronic obstructive
pulmonary disease or emphysema, obesity, dialysis
or renal failure, immunosuppression, postpartum
status, recent surgery, alcohol abuse, injection drug
use, current smoking). We selected variables for data
abstraction based on the Centers for Disease Control
and Prevention (CDC) Active Bacterial Core surveil-
lance (ABCs) case report form (https://www.cdc.
gov/abcs/downloads/abcs-case-rpt-form.pdf). We
collected data on other risk factors (e.g., GAS pharyn-
gitis, recent or concurrent influenza infection, house-
hold member with GAS infection), when available,
from medical records or NBS.

Except for results from 2 isolates from 2012 that
underwent emm typing at the Boise Veterans Admin-
istration Medical Center, emm typing results were
provided by the Idaho Bureau of Laboratories, which
began emm typing GAS isolates voluntarily submit-
ted by diagnostic laboratories in 2014. emm typing at
Idaho Bureau of Laboratories was conducted by PCR
amplification and Sanger sequencing of the emm gene
according to CDC protocols (https://www.cdc.gov/
streplab/protocol-emm-type.html). emm types were
assigned using a CDC M type-specific sequence da-
tabase library within the bionumerics software plat-
form  (ftp://ftp.cdc.gov/pub/infectious_diseases/
biotech/tsemm). Sequences were verified using the
CDC Blast-emm database (https://www2.cdc.gov/
vaccines/biotech/strepblast.asp).

Data Analysis

We used Stata software version 14.2 (StataCorp, LLC,
https:/ /www.stata.com) to conduct data analysis and
compiled categorical data as percentages and continu-
ous data as medians with interquartile ranges (IQRs).
We calculated annual incidence per 100,000 persons
overall and by age group using annual census data
for Idaho population estimates (https://www.cen-
sus.gov/data.html); we age-standardized incidence
rates to the average population distribution for Idaho
during 2008-2019 and reported with 95% Cls. We
calculated incidence estimates by race and ethnicity
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using data from the Idaho Bureau of Vital Records
and Health Statistics (Appendix, https://wwwnc.
cdc.gov/EID/article/28/9/21-2129-Appl.pdf).

To investigate the increase in iGAS incidence, we
conducted a case-case analysis, comparing cases from
the higher incidence period (2014-2019) with cases
from the lower incidence baseline period (2008-2013).
We used the y? test to compare associations between
periods and disease syndromes, deaths, hospitaliza-
tion status, and predisposing conditions; we used the
Mann-Whitney U test to compare median length of
hospital stay. We used logistic regression models to
compare demographics, underlying conditions, and
other risk factors between the 2 periods to identify
any factors that might be positively associated with
the higher incidence period (Appendix). We included
age group, obesity, residence type, and injection drug
use as variables in the multivariable logistic regres-
sion model. We reported results as odds ratios for the
univariable models and adjusted odds ratios for the
multivariable model and calculated 95% Cls for all
results. Odds ratios >1 indicated higher odds of cases
with that risk factor being in the 2014-2019 period,
compared with the baseline period. Idaho Division of
Public Health and CDC determined this project to be
nonresearch (public health practice). We conducted
this activity consistent with applicable federal law
and CDC policy.

Results

During 2008-2019, a total of 483 cases of iGAS dis-
ease were reported among Idaho residents. Annual
disease incidence per 100,000 persons increased from
1.04 to 4.76 during 2008-2019 (Figure 1). Case num-
bers were highest in January and lowest in August
with similar patterns across years (Figure 2; Appen-
dix Figure 1). We identified no changes in the surveil-
lance system that might have led to increased case
reporting. Overall, 52.8% of cases occurred among
men; median age of case-patients was 62 years (Table
1). Data concerning race and ethnicity were available
for 444 (91.9%) patients, most of whom were white,
non-Hispanic persons (87.8%), followed by Hispanic
(5.0%) and American Indian or Alaska Native per-
sons (4.1%). For comparison, the 2018 population of
Idaho was estimated to be 83.1% white non-Hispanic,
12.7% Hispanic, and 2.0% American Indian or Alaska
Native (22). The average annual incidence per 100,000
persons was 2.39 during 2008-2019; incidence was
2.55 among white non-Hispanic, 1.03 among His-
panic, and 5.19 among American Indian and Alaska
Native persons. Data concerning residence type were
available for 428 (88.6%) patients; most (349, 81.5%)
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Figure 1. Annual number of
reported cases of invasive group
A Streptococcus (n = 483) and
incidence (cases per 100,000
persons) from an investigation

in Idaho, USA, comparing cases
reported during 2014-2019 with
cases from a lower-incidence
baseline period, 2008—-2013.

resided in a private residence, followed by 63 (14.7%)
in a LTCF or nursing home.

Mean annual incidence per 100,000 persons was
0.94 during the 2008-2013 baseline period (n = 89 cases)
and 3.84 during 2014-2019 (n = 394 cases). Patient de-
mographics were similar between the periods (Table 1);
we included odds ratios in risk factor analysis (Table
2). Disease incidence increased between periods among
all age groups (Figure 3). The mean annual age-stan-
dardized incidence per 100,000 persons increased from
1.0 (95% CI 0.5-1.5) during 2008-2013 to 3.7 (95% CI
2.8-4.6) for 2014-2019. iGAS incidence increased in all
7 of Idaho’s public health districts (Appendix Figure 2).

1788

Medical records were available for 383/483
(79.3%) cases, 62/89 (70%) during the baseline 2008-
2013 period and 321/394 (81.5%) during 2014-2019.
Information concerning deaths was available for 464
(96.0%) patients, 55 (11.9%) of whom died. The case-
fatality rate was 14/84 (16.7%) for the baseline period
and 41/380 (10.4%) during 2014-2019 (p = 0.132). Of
471 patients with data on hospitalization status, 441
(93.6%) were hospitalized. The proportion of patients
hospitalized was slightly lower during 2008-2013
(88.4%, 76/86) compared with 94.8% (365/385) dur-
ing 2014-2019 (p = 0.027). Data on length of hospi-
tal stay were available for 385 hospitalized patients.

Figure 2. Seasonality of invasive
group A Streptococcus (n = 483)
by month of diagnosis, from an
investigation in Idaho, USA,
comparing cases reported during
2014-2019 with cases from a
lower-incidence baseline period,
2008-2013.
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Table 1. Demographics of patients with invasive group A Streptococcus disease, overall and by 6-year periods, Idaho, USA,

2008-2019*

Variable Overall, N =483 2008-2013, n =89 2014-2019, n = 394
Sex
F 228 (47.2) 48 (53.9) 180 (45.7)
M 255 (52.8) 41 (46.1) 214 (54.3)
Age, y, median (interquartile range) 62 (41-75) 60 (37-75) 64 (41-75)
Age group, y
<5 24 (5.0) 4 (4.5) 20 (5.1)
5-17 43 (4.8) 5(5.6) 18 (4.6)
18-34 45 (9.3) 12 (13.5) 33(8.4)
35-49 58 (12.0) 10 (11.2) 48 (12.2)
50-64 104 (21.5) 20 (22.5) 84 (21.3)
65-79 147 (30.4) 21 (23.6) 126 (32.0)
>80 92 (17.0) 17 (19.1) 65 (16.5)
Race/ethnicity n = 444+t n =83t n =361t
Hispanic 22 (5.0) 2(2.4) 20 (5.5)
Non-Hispanic
White 390 (87.8) 74 (89.2) 316 (87.5)
Black 4 (0.9) 1(1.2) 3(0.8)
American Indian/Alaska Native 18 (4.1) 5(6.0) 13 (3.6)
Asian 5(1.1) 1(1.2) 4(1.1)
Native Hawaiian/Pacific Islander 5(1.1) 0(0.0) 5(1.4)
Residence type n =428t n=71t n =357t
Private residence 349 (81.5) 56 (78.9) 293 (82.1)
Long-term care or nursing facility 63 (14.7) 13 (18.3) 50 (14.1)
Homeless 9(2.1) 1(1.4) 8(2.2)
Correctional facility 7 (1.6) 1(1.4) 6 (1.7)

*Values are no. (%) patients except as indicated.
tExcludes cases with missing data.

Median stay was 5 days (IQR 4-9) for all hospitalized
patients: 5 days (IQR 3-8) for 58 patients hospitalized
during 2008-2013 compared with 6 days (IQR 4-9; p =
0.118) for 327 patients hospitalized during 2014-2019.

Cellulitis was the most common clinical syn-
drome, reported in 41.4% of cases, followed by bacte-
remia without focus (34.2%) and pneumonia (16.8%)
(Table 3). STSS, a rare but severe syndrome caused
by GAS infection, was identified in 25 cases, all dur-
ing 2014-2019 (p = 0.02). Toxic shock syndrome is a
reportable disease in Idaho; however, 11 (44%) STSS
cases were identified only retrospectively through
medical record review. Ages of STSS patients ranged
from 10 months to 82 years; 6/22 (27%) died (data
missing for 3 patients). We observed no other differ-
ences in clinical syndromes between periods. GAS
was cultured from blood in 92.9% (442/476) of cases,
with no differences over time: 74/82 (90.2%) for the
baseline period compared with 368/394 (93.4%; p =
0.31) during 2014-2019. Data on postpartum status
were available for 47/50 women 15-44 years of age,
10/47 (21%) of whom were postpartum, with no dif-
ference between periods: 2/9 (22%) during the base-
line period compared with 8/38 (21%; p = 0.94) dur-
ing 2014-2019.

emm typing was conducted on bacterial isolates
from 194 (40.2%) iGAS cases, 2/89 (2.3%) during
2008-2013 and 192/394 (48.7%) during 2014-2019. In
total, we identified 38 different emm types; the most

common were types 1 (n =26, 13%), 12 (n = 25, 13%),
28 (n =23, 12%), 11 (n =15, 8%), and 4 (n = 15, 8%)
(Figure 4; Appendix Table 1). emm typing results were
available for 14/25 (56%) STSS cases, from which 10
emm types were observed; types 1 (n = 3), 12 (n = 2),
and 1.25 (n = 2) were identified in >1 patient.

Two outbreaks were previously identified on the
basis of epidemiologic information and emm types.
During July-September 2016, an outbreak of 5 cases
of iGAS caused by emm59 occurred among residents
of a single county. During 2014-2016, an outbreak of
iGAS occurred among residents of a LTCF; 9 cases
were emml11, and 4 cases did not have emm typing
conducted. In addition, a household cluster of 2 cas-
es, both associated with injection drug use, occurred
in May 2015, but emm typing was not conducted. In
total, 16/394 (4.1%) of cases during 2014-2019 were
associated with a cluster or outbreak.

Information concerning underlying medical con-
ditions was available for 432 (90.2%) patients, 69/89
(78%) during 2008-2013 and 363/394 (92.1%) during
2014-2019. Of these patients, 73.8% had =1 underlying
condition; diabetes (41.2%), heart disease (26.9%), and
obesity (22.0%) were the most common (Table 4). No
patients had HIV infection. Overall, 201/412 (47.8%)
patients had skin injuries, and nonsurgical wounds
were most frequently reported. Injection drug use
was reported for 8/386 (2.1%) and methamphetamine
use for 6/386 (1.6%) patients, all during the 2014-2019
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period. Data for other risk factors (GAS pharyngitis,
household member with GAS infection, influenza in-
fection) were available for 389 patients, and GAS phar-
yngitis was identified in 8.0% of patients. In regres-
sion analyses, we observed no associations between
demographic or risk factors and the higher-incidence
2014-2019 period (Table 2). Injection drug use had an
adjusted odds ratio of 3.2; however, the limited num-
ber of observations yielded wide 95% Cls.

Discussion

Using statewide reportable disease surveillance data
supplemented by information from medical record
review, we investigated the epidemiology of iGAS
in Idaho over a 12-year period, during which inci-
dence increased ~4-fold. The ABCs program, which
does not include data from Idaho, identified a similar
increase in nationwide iGAS incidence per 100,000
persons, from 3.69 in 2008 to 7.63 in 2019 (1,12,23). In
Canada, incidence per 100,000 persons rose from 4.42

in 2008 to 8.12 in 2019 (https://diseases.canada.ca/
notifiable/charts).

In Idaho, average annual iGAS incidence during
our study was 2-fold as high among American Indian
or Alaska Native persons compared with white non-
Hispanic persons. Higher iGAS incidence among in-
digenous compared with nonindigenous populations
has been reported in multiple settings, including the
United States, Australia, and New Zealand (24). In Al-
berta, Canada, iGAS incidence was 6-fold as high and
increasing more rapidly among First Nation compared
with non-First Nation populations, rising to 52.2 cases
per 100,000 persons in 2017 (25). Neither the propor-
tion of cases occurring among American Indian and
Alaska Native persons nor the racial and ethnic dis-
tribution of Idaho’s population changed substantially
during our study period (Appendix Table 2).

Approximately three quarters of iGAS patients
had >1 underlying medical condition; diabetes, obe-
sity, and skin injuries were common, emphasizing

Table 2. Individual risk factor and multivariable analysis of risk factors comparing invasive group A Streptococcus cases during 2014—

2019 with cases from the 2008—2013 baseline period, Idaho, USA

Variable

Unadjusted odds ratio*

Adjusted odds ratiot

(95% CI) p value (95% CI) p value

Sex

F Referent

M 1.4 (0.9-2.2) 0.16
Age group, y

0-17 1.2 (0.5-2.8) 0.71 1.3 (0.5-3.3) 0.63

18-49 Referent Referent

50-64 1.2 (0.6-2.3) 0.65 1.6 (0.7-3.8) 0.29

65-79 1.7 (0.9-3.2) 0.13 1.7 (0.8-3.8) 0.16

>80 1.1 (0.5-2.1) 0.90 1.1 (0.5-2.6) 0.84
Ethnicity

Non-Hispanic Referent

Hispanic 2.4 (0.5-10.4) 0.25
Residence type

Private Referent Referent

Long-term care or nursing facility 0.7 (0.4-1.4) 0.37 0.7 (0.3-1.5) 0.33

Correctional facility 1.2 (0.1-9.7) 0.90 1.9 (0.1-36.7) 0.67

Homeless 1.5 (0.2-12.5) 0.69 0.7 (0.1-4.8) 0.74
Underlying conditions

Diabetes 0.9 (0.5-1.5) 0.68

Heart disease: congestive heart failure or coronary artery 1.3 (0.7-2.3) 0.46

disease

Obesity 1.3(0.7-2.4) 0.49 1.2 (0.6-2.5) 0.58

Chronic kidney disease or failure 1.6 (0.7-3.6) 0.30

Chronic obstructive pulmonary disease 0.8 (0.4-1.8) 0.62

Cancer 2.4 (0.7-7.9) 0.17

Immunosuppression 2.0 (0.5-8.6) 0.37

Hepatitis C or chronic liver disease 1.5 (0.4-6.9) 0.57

Otherf 2.3(0.3-18.2) 0.42

Any underlying condition 0.9 (0.5-1.7) 0.75
Other risk factors

Skin injury 1.0 (0.6-1.7) 0.97

Cigarette smoking 0.9 (0.5-1.9) 0.82

Alcohol abuse 0.9 (0.3-2.3) 0.75

Injection drug use 3.4 (0.2-60.0) 0.40 3.2 (0.2-63.0) 0.45

*Standard logistic regression analysis performed unless otherwise noted. An odds ratio >1 indicates higher odds of being in the 2014-2019 period.
tFirth logistic regression used to account for separation attributable to limited sample size and highly predictive risk factors. For multivariable analysis,
results for residence type and injection drug use represent total effect and results for age group and obesity represent direct effect.

FOther underlying conditions include paralysis, neurologic conditions, and developmental delay.
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Figure 3. Average annual
incidence of invasive group

A Streptococcus (cases per
100,000 persons) during 2008—
2013 (n = 89) and 2014-2019
(n = 394), by age group, Idaho,
USA. The fold change for 2014—
2019 compared with 2008-2013
is shown for each age group
above the paired columns.

the need for diabetes management and wound care
to reduce the risk for iGAS associated with these
conditions (4,5). The high proportion of cases as-
sociated with skin injury or infection is consistent
with national data; in 2019, a total of 44.7% of iGAS
case-patients had cellulitis (1). Two outbreaks and
a household cluster were identified through routine
surveillance, all during 2014-2019; emm typing made
outbreak detection easier. Because the state public
health laboratory only began emm typing in 2014,
earlier outbreaks might not have been detected. We
recommend that states with available resources con-
duct emm typing to enhance surveillance and out-
break detection.

The incidence of iGAS in Idaho, 4.76 cases per
100,000 persons in 2019, is lower than the national
incidence rate, 7.63 per 100,000 persons in 2019,

possibly because Idaho iGAS estimates are based on
passive data reporting, whereas national estimates
are based on data from the ABCs active surveil-
lance system. Other factors related to demographics
or prevalence of risk factors might also contribute
to lower Idaho compared with national iGAS inci-
dence estimates. Increased iGAS rates across all age
groups and in all geographic regions of Idaho during
2008-2019 present cause for concern. We identified no
changes in surveillance procedures that might have
led to increased case reporting. However, we did not
assess potential changes in clinical practice (e.g., the
number of blood cultures ordered by emergency de-
partments), which might have affected case detection.

We identified a rise in STSS incidence: 25 cases
occurred during 2014-2019, compared with none
during 2008-2013, although these numbers do not

Table 3. Clinical syndromes of invasive group A Streptococcus disease, overall and by 6-year periods, Idaho, USA, 2008-2019*

No. (%) patients

Type of infection or clinical syndrome Overall, N = 476t 2008-2013, n = 82t 2014-2019, n = 394 p valuef
Bacteremia without focus§ 163 (34.2) 34 (41.5) 129 (32.7) 0.13
Cellulitis 197 (41.4) 30 (36.6) 167 (42.4) 0.33
Pneumonia 80 (16.8) 15 (18.3) 65 (16.5) 0.69
Streptococcal toxic shock syndrome 25 (5.3) 0(0.0) 25 (6.4) 0.02
Septic arthritis 24 (5.0) 6 (7.3) 18 (4.6) 0.30
Empyema 19 (4.0) 4(4.9) 15(3.8) 0.65
Necrotizing fasciitis 12 (2.5) 4(4.9) 8 (2.0) 0.14
Osteomyelitis 6 (1.3) 0(0.0) 6 (1.5) 0.26
Meningitis 4 (0.8) 0(0.0) 4 (1.0) 0.36
Other] 3(0.6) 1(1.2) 2 (0.5) 0.46
*Cases can have >1 type of infection or clinical syndrome.
TExcludes 7 cases with missing data on type of infection or clinical syndrome, all during 2008—2013.
1By %2 test.
§Group A Streptococcus isolated from blood, with no other clinical syndrome identified.
{[Other includes abscess, epiglottitis, and pelvic inflammatory disease.
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Figure 4. Invasive group A
Streptococcus emm types (n =
194), Idaho, USA, 2012-2019,
from an investigation in Idaho
comparing invasive group A
Streptococcus cases reported
during 2014-2019 with cases
from a lower-incidence baseline
period, 2008-2013. The Idaho
Bureau of Laboratories only
began emm typing in 2014;
2012 data are from the Boise
Veterans Administration
Medical Center. Data for 2013
were unavailable.

account for the increase in overall iGAS cases. We
found evidence of STSS underreporting, as has been
reported in other studies (26). Cases of STSS from
the baseline period might have been missed because
medical records were only available for 70% of iGAS
patients. We observed 10 different emm types among
STSS cases that had an isolate submitted for typing,
indicating a lack of clonality. Of note, a study in the
Netherlands identified a temporal association be-
tween STSS and influenza A virus (27). However,
STSS cases in Idaho occurred throughout the year,
without seasonal patterns that might have been as-
sociated with influenza.

emm1 was the most common emm type identified
in Idaho and also the most common cause of iGAS
nationally during 2008-2019 (1,12,23). The diver-
sity of emm types observed in Idaho was consistent
with reports from high-income countries in North
America and Europe (28-30). Although no vaccines
targeting GAS are available, the 30-valent M protein-
based strep A vaccine, one of the few vaccines un-
der development in phase 1 or 2 clinical trials, would
potentially cover 167/194 (86.1%) emm types from
Idaho iGAS cases, and possibly more through cross-
protection within emm clusters based on M protein
structure (31-33).

We identified no associations between risk factors
and increased incidence during 2014-2019. In New
Mexico, increases in iGAS incidence were linked to
rises in cases among persons experiencing homeless-
ness and persons injecting drugs (17). Similarly, an
analysis of ABCs national surveillance data conclud-
ed that injection drug use and homelessness likely
contribute to increasing iGAS incidence in the United
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States, noting that particular emm types are increasing
among this patient population (7). Factors responsi-
ble for increased incidence of iGAS during 2003-2017
in Alberta, Canada, were not clear, and multiple risk
factors likely contributed, particularly alcohol abuse
and drug use (13). In Idaho, only 8 patients reported
injection drug use and 9 experiencing homelessness.
Although these conditions might be underreported,
homelessness and injection drug use do not appear
to be driving the increase in iGAS in Idaho, although
they might be contributing factors. We found no evi-
dence that alcohol abuse was contributing to the in-
crease in iGAS in Idaho.

Our results suggest that iGAS is increasing among
the general population of Idaho and not limited to a
particular age group or associated with an individual
risk factor. The reasons for increases in reported in-
cidence in Idaho might be multifactorial and involve
factors not assessed in this study, such as expansion
of >1 emm types and improvements in collection of
diagnostic specimens by clinicians and passive re-
porting by laboratories. One limitation of our study is
that we did not directly assess whether changes in the
distribution of risk factors in the underlying popula-
tion, such as the proportion of adults with skin inju-
ries, could have led to increases in iGAS. For certain
characteristics and risk factors, Idaho population data
on estimated prevalence or proportion were unavail-
able (Appendix Table 2). For most factors, only mi-
nor changes over time were observed, and we did not
identify any changes considered potentially respon-
sible for the increase in iGAS incidence. Another limi-
tation to the risk factor analysis was the small sample
size during the baseline period —only 89 cases, some
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missing data. A third key limitation to our study was
the lack of emm typing data from the 2008-2013 base-
line period, because only 2% of cases had emm typing
conducted, compared with 49% during 2014-2019.
Therefore, we could not assess potential shifts in emm
types, which might have contributed to increasing
rates of iGAS. In Ireland, an increase in iGAS during
2012-2015 coincided with an upsurge in emm3 (34). In
the United States, expansion over time of select emm
types, including 11, 77, and 92, was linked to increas-
ing prevalence of antimicrobial drug-resistant iGAS
infections (35). Factors that contribute to the emer-

Invasive Group A Streptococcus, Idaho

gence of emm types are not well understood but might
include genetic changes in bacteria and acquisition of
new virulence factors, as well as variations in popula-
tion immunity (30). emm59, which emerged initially
in Canada and more recently has been found in the
southwestern United States, was the most common
emm type in Idaho in 2014; all 5 cases were associated
with outbreaks, but emmb59 declined during subse-
quent years (19,36).

In conclusion, inIdaho,iGASis an urgent and con-
sequential clinical and public health concern because
of its severity, high case-fatality rate, and statewide

Table 4. Underlying conditions and risk factors of patients with invasive group A Streptococcus disease, overall and by 6-year periods,

Idaho, 2008-2019

No. (%) patients

Risk factor Overall, N =432* 2008-2013, n = 69* 2014-2019, n = 363*
Any underlying condition
No 113 (26.2) 17 (24.6) 96 (26.5)
Yes 319 (73.8) 52 (75.4) 267 (73.6)
Condition
Diabetes 178 (41.2) 30 (43.5) 148 (40.8)
Heart disease: congestive heart failure or coronary artery disease 116 (26.9) 16 (23.2) 100 (27.6)
Obesity 95 (22.0) 13 (18.8) 82 (22.6)
Kidney disease: chronic kidney disease or chronic kidney failure 61 (14.1) 7 (10) 54 (14.9)
Chronic obstructive pulmonary disease or emphysema 43 (10.0) 8(11.6) 35 (9.6)
Cancer 38 (8.8) 3(4.3) 35(9.6)
Immunosuppression 22 (5.1) 2(2.9) 20 (5.5)
Hepatitis C or chronic liver disease 18 (4.2) 2(2.9) 16 (4.4)
Othert 13 (3.0) 1(1.4) 12 (3.3)
Total underlying conditions
0 115 (26.6) 17 (24.6) 98 (27.0)
1 113 (26.2) 24 (34.8) 89 (24.5)
2 93 (21.5) 10 (14.5) 83 (22.9)
>3 111 (25.7) 18 (26.1) 93 (25.6)
Skin injury
Any skin injury n=412* n=70* n = 342
No 211 (51.2) 36 (51.4) 175 (51.2)
Yes 201 (47.8) 34 (48.6) 167 (48.8)
Type of skin injury+ n =201 n=34 n =167
Nonsurgical wound 127 (63.2) 22 (64.7) 105 (62.9)
Surgical wound 17 (8.5) 3(8.8) 14 (8.4)
Trauma$§ 47 (23.4) 8 (23.5) 39 (23.4)
Burn 2(1.0) 0 2(1.2)
Skin breakdown 3(1.5) 1(2.9) 2(1.2)
Other 5(2.5) 0 5(3.0)
Behavioral risk factors
Current cigarette smoking{| n=375* n = 60* n=315*
No 310 (82.7) 49 (81.6) 261 (82.9)
Yes 65 (17.3) 11 (18.3) 54 (17.1)
Substance abuse n =386 n=63* n =323
Alcohol abuse 27 (7.0) 5(7.9) 22 (6.8)
Methamphetamine use 6 (1.6) 0 6 (1.8)
Injection drug use 8(2.1) 0 8 (2.5)
None of the above 346 (89.6) 58 (92.1) 288 (89.2)
Other risk factors n = 389" n = 66* n =323
Group A Streptococcus pharyngitis 31(8.0) 7 (10.6) 24 (7.4)
Household member with Group A Streptococcus 8(2.1) 2(3.0) 6(1.9)
Influenza 12 (3.1) 4(6.1) 8 (2.5)
None of the above 336 (86.4) 54 (81.8) 282 (87.3)

*Excludes missing data.

tOther underlying conditions include paralysis, neurologic conditions, and developmental delay.

fData from 201 cases with a skin injury reported.
§Cut, laceration, or puncture wounds.
{[Does not include e-cigarette use or vaping.
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increases. The absence of an identified risk factor con-
tributing to increasing iGAS incidence in the general
population suggests a potential role for vaccination as
a preventive measure. Ongoing surveillance of state-
level iGAS cases would help identify outbreaks, track
regional trends in incidence, and monitor circulating
emm types.
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Revised Definitions of Tuberculosis
Resistance and Treatment
Outcomes, France, 2006—2019

Yousra Kherabi, Mathilde Fréchet-Jachym, Christophe Rioux, Yazdan Yazdanpanah, Frédéric Méchai,
Valérie Pourcher, Jérdbme Robert, Lorenzo Guglielmetti, for the MDR-TB Management Group

Definitions of resistance in multidrug-resistant tuberculo-
sis (MDR TB) and extensively drug-resistant tuberculosis
(XDR TB) have been updated. Pre-XDR TB, defined as
MDR TB with additional resistance to fluoroquinolones,
and XDR TB, with additional resistance to bedaquiline or
linezolid, are frequently associated with treatment failure
and toxicity. We retrospectively determined the effects of
pre-XDR/XDR TB resistance on outcomes and safety of
MDR TB treatment in France. The study included 298 pa-
tients treated for MDR TB at 3 reference centers during
2006—-2019. Of those, 205 (68.8%) cases were fluoroqui-
nolone-susceptible MDR TB and 93 (31.2%) were pre-
XDR/XDR TB. Compared with fluoroquinolone-suscepti-
ble MDR TB, pre-XDR/XDR TB was associated with more
cavitary lung lesions and bilateral disease and required
longer treatment. Overall, 202 patients (67.8%) had favor-
able treatment outcomes, with no significant difference be-
tween pre-XDR/XDR TB (67.7%) and fluoroquinolone-sus-
ceptible MDR TB (67.8%; p = 0.99). Pre-XDR/XDR TB was
not associated with higher risk for serious adverse events.

ifampin-resistant tuberculosis (RR TB) and

multidrug-resistant tuberculosis (MDR TB), de-
fined as TB resistant to both rifampin and isoniazid,
are a global public health threat. In 2019, there were
465,000 incident cases of RR TB, among which 78%
were MDR TB (1). In France, the yearly incidence of
MDR TB cases was stable at 50 cases during 2006~
2010, dramatically increased in the next 4 years (2) to
>100 cases in 2014 (3), and slightly decreased after-
wards to 75 cases in 2019 (4).

RR/MDR TB cases are difficult to treat, and pa-
tients need prolonged treatment courses, which are
burdened by frequent drug-related adverse events.
Global treatment success for RR/MDR TB was 59%
in 2018 (1). At that time, fluoroquinolones were con-
sidered the cornerstone of RR/MDR TB treatment.
In 2018, the World Health Organization (WHO) pub-
lished new treatment guidelines, relying on a large-
scale meta-analysis (5), which revolutionized the
traditional hierarchy of anti-TB drugs (6). In those
guidelines, newer and repurposed drugs, such as
bedaquiline and linezolid, were recommended for
all MDR TB patients in addition to fluoroquinolones;
second-line injectables would be reserved for cases
where no other options are available.

Globally, 16.2% of RR/MDR TB isolates have
acquired resistance to fluoroquinolones (1), indicat-
ing the need for an update in resistance definitions.
Thus, in January 2021, WHO defined pre-extensive-
ly drug-resistant TB (pre-XDR TB) as MDR TB with
additional resistance to fluoroquinolones, and XDR
TB as pre-XDR TB with additional resistance to >1
additional group A drug (bedaquiline and linezolid
as of July 2022) (7).

Resistance to fluoroquinolones is classically con-
sidered a risk factor for treatment failure (5,8,9). How-
ever, recent studies from countries with both low (10)
and high (11) TB prevalence did not confirm this find-
ing in high-income settings in which diagnostics and
group A drugs are widely available. Furthermore,
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evidence on the effect of fluoroquinolone resistance
on treatment safety is scarce (11).

We assessed whether pre-XDR TB and XDR TB
status (i.e., additional resistance to any fluoroquino-
lone) affected outcomes and safety of MDR TB treat-
ment for TB in France, a high-income, low TB inci-
dence country. The Institutional Review Board of the
Bligny Hospital (Briis-sous-Forges, France) granted
ethical clearance (CRE 2021 08).

Methods

Study Design and Participants

In this retrospective observational cohort study, we
included all consecutive MDR TB patients confirmed
at the French National Reference Center for Mycobac-
teria (NRC; Paris, France) who initiated treatment at
3 referral hospitals (Bligny, in Briis-sous-Forges, and
Pitié-Salpétriere and Bichat-Claude Bernard, both
in Paris) during January 1, 2006-December 31, 2019.
Patients were followed up for 2 years after the end
of treatment. We considered only the first episode of
MDR TB within the study period. We retrieved the
latest data on December 31, 2021.

We reviewed medical records to retrieve demo-
graphic and clinical features, as well as results of
laboratory, radiographic, and microbiological tests.
We extracted routinely collected data from medical
records and anonymized the data; the investiga-
tor who extracted data was not involved in patient
care. We obtained comprehensive drug susceptibil-
ity testing (DST) profiles from the database of the
NRC laboratory.

Definitions

We performed phenotypic DST at the NRC using
the Lowenstein-Jensen proportion method (12).
We obtained genotypic DST through commercially
available line-probe assays (GenoType MTBDRplus
and GenoType MTBDRs; Hain Lifescience, https://
www.hain-lifescience.de) or targeted DNA sequenc-
ing. We used new definitions of drug-resistant TB (7):
we defined MDR TB as TB resistant to isoniazid and
rifampin, pre-XDR TB as MDR TB with resistance to
any fluoroquinolone, and XDR TB as MDR TB with
additional resistance to any fluoroquinolone and an-
other WHO group A drug (bedaquiline or linezolid).
We classified patients as new or previously treated
according to WHO definitions. Sputum smear and
cultures were routinely performed at treatment start,
every 14 days until culture conversion, and monthly
thereafter. We defined sputum culture conversion as
2 consecutive negative cultures collected at least 30
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days apart. We defined treatment outcomes using
2020 WHO definitions (13). Of note, we defined treat-
ment outcome as not evaluated for patients for whom
no treatment outcome was assigned; this definition
includes cases transferred out to another treatment
unit and those whose treatment outcome was un-
known but excludes those who did not attend follow-
up appointments and did not respond to attempted
contact from clinical staff, which we categorized as
lost to follow-up.

Treatment Regimens

Throughout the study period, treatment regimens
were designed in accordance with WHO treatment
guidelines and in consultation with the French MDR
TB Consilium, a multidisciplinary team coordinated
by the France NRC (14-17). Of note, linezolid has
been used for MDR TB treatment in France since 2006
and bedaquiline since 2011. Drugs were considered to
be part of the treatment regimen if they were admin-
istered for >30 days.

Outcomes

The primary study outcome was the proportion of
treatment success (defined as the sum of cured and
treatment completed). Secondary outcomes were
time to sputum culture conversion and proportion of
treatment-emergent serious adverse events (SAE), as
defined by the US Food and Drug Administration (18).

Statistical Analysis

Sample Size

Based on NRC surveillance data for the period under
review, we estimated that ~300 MDR TB patients, 200
with fluoroquinolone-susceptible MDR TB and 100
with pre-XDR/XDR TB, could be included. Taking
into account the results of a large meta-analysis com-
paring MDR TB treatment outcomes according to dif-
ferent resistance patterns (5), we estimated a relative
risk of 1.59 for an unfavorable treatment outcome in
pre-XDR/XDR TB compared with fluoroquinolone-
susceptible MDR TB cases. With these assumptions,
the expected sample size would provide a power of
93% with a 2-sided a risk of 2.5% to detect a differ-
ence between the 2 groups.

Statistical Methods

We collected the extracted data on standard-
ized forms, entered them into a database located
at the NRC, and ran analyses using Stata version
16 (StataCorp, https://www.stata.com). We per-
formed sensitivity analyses focusing on patients
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Table 1. Characteristics and demographics of patients affected by MDR TB, France, 2006—2019*

TB resistance status

Characteristic Total, N = 298 MDR, n = 205 Pre-XDR/XDR, n = 93 p value
Median age, y (IQR) 34 (27-42) 33 (27-42) 36 (28—42) NS
Sex
M 202 (67.8) 130 (63.4) 72 (77.4) 0.02
F 96 (32.2) 75 (36.6) (22.6)
WHO Region place of birth <0.001
Europe 162 (54.6) 85 (41.7) 77 (82.8)
Africa 95 (32.0) 85 (41.7) 10 (10.8)
South-East Asia 23 (7.7) 20 (9.8) 3(3.2)
Others 18 (6.0) 15 (7.3) 3(3.2)
Precarious housing or homeless 177 (59.6) 105 (51.5) 72 (77.4) <0.001
Past imprisonment 22 (7.4) 7 (3.3) 15 (16.1) <0.001
Comorbidities
HIV infection 29 (9.8) 20 (9.8) 9(9.8) NS
HBV infection 21 (7.1) 13 (6.4) 8(8.7) NS
HCV infection 46 (15.5) 17 (8.3) 29 (31.2) <0.001
Immunosuppressive condition 14 (4.8) 8 (4.0) 6 (6.5) NS
Immunosuppressive treatment 8 (2.7) 6 (2.9) 2(2.1) NS
Diabetes 13 (4.4) 9(4.4) 4 (4.3) NS
Psychiatric disorder 23 (7.7) 10 (4.9) 13 (14.0) <0.001
Albumin, median, g/L (IQR) 34 (31-38) 35 (31-39) 33 (30-37) NS
BMI, median, kg/m? (IQR) 20.1 (18.4-22.2) 20.2 (18.6-22.3) 19.8 (17.9-21.9) NS
Previous TB treatment 159 (53.5) 90 (44.1) 69 (74.2) <0.001
Previous TB treatment with second-line drugs 89 (45.2) 35 (28.9) 54 (71.1) <0.001
Other risk factors
Alcohol abuse 37 (12.5) 20 (9.8) 17 (18.3) 0.002
Active smoking 103 (34.7) 54 (26.5) 49 (52.7) <0.001
VDU 44 (14.8) 17 (8.3) 27 (29.0) <0.001

*Values are presented as no. (%), unless indicated otherwise. BMI, body-mass index; IQR, interquartile range; IVDU, intravenous drug use;
MDR, multidrug resistant (susceptible to all fluoroquinolones); NS, not statistically significant; pre-XDR/XDR = pre—extensively drug resistant/extensively
drug resistant, (resistant to >1 fluoroquinolone); TB, tuberculosis; WHO, World Health Organization.

treated after 2011, the year bedaquiline was intro-
duced in France.

For descriptive statistics, we reported continuous
variables as medians with interquartile range (IQR)
and compared them using the Wilcoxon rank-sum
test or 2-sample t-test, as appropriate. We reported
categorical variables as frequencies with percentages
and compared using the Fisher exact test or x* test,
as appropriate. A 2-sided a<0.05 was considered sta-
tistically significant. Because the cohort included few
XDR TB patients, we performed most analyses by
grouping together pre-XDR TB and XDR TB cases.

To identify risk factors associated to the depen-
dent categorical variables (treatment success and SAE),
we fitted unconditional logistic regression models. We
included explanatory variables in the initial models if
associated with the dependent variable at p<0.20 in uni-
variate analysis. We then performed backward analy-
sis: we kept explanatory variables associated with the
dependent variable that had p<0.20, in addition to the
variable of interest (pre-XDR/XDR TB), in the model.

As secondary objectives, we performed survival
analyses to describe time from treatment start to spu-
tum culture conversion (for patients with positive
sputum cultures at treatment start) and unfavorable
treatment outcome (for all patients). We estimated
Kaplan-Meier curves and performed log-rank tests to
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assess the effects of pre-XDR/XDR TB. We fitted mul-
tivariable Cox proportional-hazard models to iden-
tify predictive factors of sputum culture conversion.
We included variables into multivariable Cox propor-
tional hazards models if they predicted the outcome
at p<0.20 in univariate analysis and if they fulfilled
the proportional hazards assumption at baseline or,
if appropriate, after addition of a time interaction. We
reported hazard ratios with 95% CI.

For both logistic regression and Cox models, we
performed complete case analyses to identify the
variables included in the model and then imputed
missing data with multiple imputation using chained
equations with 10 imputed datasets. Overall, the pro-
portion of missing observations in the included vari-
ables was 0%-9%.

Results

Population Characteristics

The study population was made up of 298 MDR TB
patients, including 84 (28.2%) with pre-XDR TB and
9 (3.0%) with XDR TB. Sixty-six patients (22.1%) were
treated during 2006-2010 and 232 (77.9%) during
2011-2019. The median age at admission was 34 years
(IQR 27-42), and 202 (67.8%) patients were male. Pa-
tients were mainly born in the WHO Europe region
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(54.6%) (Table 1). Pre-XDR/XDR TB patients were
more frequently born in the WHO Europe region;
had more frequently precarious housing, past im-
prisonment history, and active drug abuse (alcohol,
smoking, intravenous drugs); and had more severe
pulmonary tuberculosis, including cavitary lesions
and bilateral disease. Patients with pre-XDR/XDR
TB more frequently had additional resistance to cy-
closerine, second-line injectables, pyrazinamide, and
P-aminosalicylic acid.

Treatment and Outcomes

Overall, 94.3% patients were treated with >1 group
A drug (levofloxacin, moxifloxacin, bedaquiline, or
linezolid) and 76.8% with >1 group B drug (clofazi-
mine or cycloserine). Linezolid (89.3% vs. 69.8%,
p<0.001) and bedaquiline (74.2% vs. 28.3%, p<0.001)
were more frequently used in pre-XDR/XDR TB
cases. A large part of our study population received
second-line injectables (85.2%), including similar
proportions in the 2 groups of interest (81.7% vs.

TB Resistance and Treatment Outcomes, France

86.8%). Total treatment duration was longer in pre-
XDR/XDR TB patients (median 21.2 months vs. 17.3
months; p<0.001) (Table 2).

Overall, 202 patients (67.8%) had treatment suc-
cess, including cure (62.1%) and treatment comple-
tion (5.7%) (Table 3). Ninety-six patients (32.2%) had
unfavorable or other outcomes. Of those, 3 patients
had treatment failure and 5 died; 54 were lost to
follow-up, and 34 did not have treatment outcomes
evaluated (Table 3). Of note, 67.9% of patients with
pre-XDR TB and 66.7% patients with XDR TB had
treatment success. For the 5 patients who died dur-
ing TB treatment, causes of death were malignancy
progression (2 patients), septic shock (urinary tract
sepsis for 1 patient and disseminated candidemia for
1 patient), and decompensated cirrhosis (1 patient).
Among patients with treatment success, 145 (71.8%)
were followed up to 12 months after end of treatment
and 129 (63.9%) up to 24 months. Two patients with
pre-XDR/XDR TB relapsed in the first year and 1 in
the second year of follow-up after end of treatment.

Table 2. Baseline disease characteristics for 298 patients affected by MDR TB, France, 2006-2019*

TB resistance status

Characteristic Total, N = 298 MDR, n = 205 Pre-XDR/XDR, n = 93 p value
TB characteristics
Pulmonary tuberculosis 272 (91.6) 179 (87.8) 93 (100) 0.002
Bilateral lung involvement, n = 233 174 (74.7) 100 (71.0) 74 (86.0) 0.009
Cavitary lung disease, n = 224 156 (69.6) 82 (59.4) 74 (86.0) <0.001
Miliary TB 11 (3.8) 8 (4.0) 3(3.2) NS
Sputum smear positivet 202 (68.0) 118 (57.8) 84 (90.3) <0.001
Sputum culture positivet 214 (71.8) 132 (64.4) 82 (88.2) <0.001
Extrapulmonary TB 83 (28.1) 69 (34.0) 14 (15.2) 0.003
Additional drug resistance
Any second-line injectable, n = 2871 83 (28.9) 32 (16.3) 51 (56.0) <0.001
Linezolid, n = 260 5(1.9) 1(0.6) 4 (4.5) NS
Bedagquiline, n = 101 6 (5 9) 0 6(19.4) <0.001
Linezolid and/or bedaquiline, n = 260 8) 1(0.6) 9(10.1) <0.001
Pyrazinamide, n = 183 109 59 6) 65 (49.6) 44 (84.6) <0.001
Ethambutol, n = 287 177 (61.7) 104 (53.1) 73 (80.2) <0.001
Ethionamide or prothionamide, n = 276 175 (63.4) 113 (60.1) 62 (70.5) NS
Cycloserine, n = 279 70 (25.1) 26 (13.6) 44 (50.0) <0.001
P-aminosalicylic acid, n = 262 33 (20.4) 17 (9.6) 16 (18.8) 0.04
Delamanid, n = 26 2(7.7) 1(5.3) 1(14.3) NS
Anti-TB treatment
Treatment regimens
Fluoroquinolones 218 (73.2) 182 (88.8) 36 (38.7) <0.001
Levofloxacin 56 (18.8) 43 (21.0) 13 (14.0) NS
Moxifloxacin 400 mg/day 187 (62.8) 167 (81.5) 20 (21.5) <0.001
Moxifloxacin 800 mg/day 14 (4.7) 3(1.4) 11 (11.8) <0.001
Linezolid 226 (75.8) 143 (69.8) 83 (89.3) <0.001
Bedagquiline 127 (42.6) 58 (28.3) 69 (74.2) <0.001
Total treatment duration, mo, median (IQR), n = 228 17.8 (13.4-20.6) 17.3 (13.1-18.1) 21.2 (16.7-24.0) <0.001
Duration of treatment with second-line injectable, 4.7 (3.0-7.1) 3.9 (3.0-5.5) 7.7 (4.7-14.0) NS
median mo (IQR), n = 220
Lung surgery 27 (9.9) 8 (4.4) 19 (20.9) <0.001
Good treatment adherence§ 232 (78.4) 161 (79.3) 71(76.3) NS

*Values are no. (%) except as indicated. IQR, interquartile range; MDR, multidrug resistant (susceptible to all fluoroquinolones); NS, not statistically
significant; pre-XDR/XDR, pre—extensively drug resistant/extensively drug resistant, (resistant to >1 fluoroquinolone); TB, tuberculosis; WHO, World

Health Organization.

tAt treatment start.

FfAmikacin, capreomycin, or kanamycin.
§Assessed by treating physician.
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Table 3. Tuberculosis treatment outcomes of patients affected by MDR TB, France, 2006—2019*

TB resistance status

Characteristic Total, N = 298 MDR, n = 205 Pre-XDR/XDR, n =93 p value
Treatment success 202 (67.8) 139 (67.8) 63 (67.7) NS
Cure 185 (62.1) 126 (61.5) 59 (63.4) NS
Treatment completed 17 (5.7) 13 (6.3) 4 (4.3) NS
Sustained treatment success at 12 mot, n = 145 143 (98.6) 101 (100) 42 (95.5) NS
Treatment failure 3(1.0) 1(0.5) 2(2.2) NS
Others 93 (31.2) 65 (31.7) 28 (30.1) NS
Died 5(1.7) 2(1.0) 3(3.2) NS
Lost to follow-up¥ 54 (18.1) 36 (17.6) 18 (19.4) NS
Not evaluated 34 (11.4) 27(13.2) 7(7.5) NS
Days to sputum culture conversion, n = 1988 (IQR) 60 (38-90) 50 (31-73) 88 (51-108) <0.001

*Values are no (%) except as indicated. IQR, interquartile range; MDR, multidrug resistant (susceptible to all fluoroquinolones); NS, not statistically
significant; pre-XDR/XDR = pre—extensively drug resistant/extensively drug resistant, (resistant to >1 fluoroquinolone); TB, tuberculosis.

TAmong patients with treatment success at end of treatment.

FThese patients did not attend follow-up appointments and did not respond to attempted contact from clinical staff.

§Among patients with a positive sputum culture at treatment start.

One patient with fluoroquinolone-susceptible MDR
TB relapsed in the second year of follow-up.

Predictors of Treatment Outcome

Multivariable analysis showed that pre-XDR/XDR TB
status was not independently associated with treat-
ment outcome (adjusted odds ratio [aOR] 0.81, 95% CI
0.47-1.41); conversely, previous anti-IB treatment (aOR
1.80, 95% CI 1.13-2.89) and poor treatment adherence
(aOR 1.19, 95% CI 1.07-1.33) were independently asso-
ciated with unfavorable treatment outcome (Table 4).
Multivariable Cox proportional hazard model for un-
favorable outcome was consistent with these findings
(Appendix Table 2, https://wwwnc.cdc.gov/EID/

Table 4. Risk factors for unsuccessful outcomes in patients
affected by MDR TB, France, 2006—2019*

Characteristic aOR (95% CI) p value
TB resistance status

Fluoroquinolone-susceptible Referent

MDR

Pre-XDR/XDR 0.81 (0.47-1.41) 0.48
History of anti-TB treatment

No Referent

Yes 2.16 (1.32-3.55) 0.002
Treatment adherencet

Good Referent

Poor 1.21 (1.08-1.35) 0.001
HCV co-infection

No Referent

Yes 0.63 (0.36-1.10) 0.11
Immunosuppressiont

No Referent

Yes 1.56 (0.50-4.89) 0.44
Pulmonary tuberculosis

No Referent

Yes 2.92 (0.90-9.50) 0.07

*We used multivariable logistic regression with multiple imputation for
missing data. Results are from the final model. aOR, adjusted odds ratio;
MDR, multidrug resistant (susceptible to all fluoroquinolones); NS, not
statistically significant; pre-XDR/XDR, pre—extensively drug
resistant/extensively drug resistant, (resistant to >1 fluoroquinolone);

TB, tuberculosis.

TAssessed by treating physician.

FImmunosuppressive disease and/or immunosuppressive treatment.

1800

article/28/9/22-0458-Appl.pdf). We confirmed these
results by a sensitivity analysis restricting the sample
to patients who started treatment during 2011-2019
(Appendix Table 3).

Sputum Culture Conversion

Among 214 patients with positive sputum culture
at baseline, pre-XDR/XDR TB patients showed lon-
ger time to sputum culture conversion than MDR
TB patients (median 88 days vs. 50 days; p = 0.001
by log rank test) (Figure 1). Time to sputum culture
conversion in XDR TB patients was 114 days (95%
CI 60-191 days). In a multivariable Cox propor-
tional hazard model, pre-XDR/XDR TB (adjusted
hazard ratio [aHR] 0.59, 95% CI 0.42-0.84) and alco-
hol abuse (aHR 0.61, 95% CI 0.38-0.99) were inde-
pendently associated with slower sputum culture
conversion (Table 5).

Adverse Drug Reactions

Overall, 152 patients (51.0%) had >1 SAE while be-
ing treated for MDR TB (Table 6). SAE were more
frequent in pre-XDR/XDR TB case-patients than in
fluoroquinolone-susceptible MDR TB case-patients
(62.4% vs. 45.9%; p = 0.02). Peripheral neuropathy
was the most frequent SAE (27.5%), regardless of
TB resistance status; in all cases, peripheral neu-
ropathy was attributed to linezolid. Severe ototox-
icity occurred more frequently in pre-XDR/XDR
TB than in fluoroquinolone-susceptible MDR TB
cases (38.7% vs. 20.5%; p = 0.01) (Appendix Table
4); all cases of severe ototoxicity were attributed to
amikacin. In multivariable analysis (Table 7), pre-
XDR/XDR TB was not independently associated
with severe toxicity (aOR 1.31, 95% CI 0.76-2.26; p
= (0.34), whereas poor treatment adherence was as-
sociated with a higher risk for SAE (aOR 1.24 95%
CI 1.04-1.47; p = 0.01).
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Discussion

Overall, we did not detect a significant effect of pre-
XDR and XDR TB resistance, in accordance with the
revised WHO definitions, on treatment outcomes
of MDR TB in France during 2006-2019. The global
treatment success proportion in MDR TB patients
was 67.8%; previous TB treatment and poor treatment
adherence were each independently associated with
unfavorable outcome. Pre-XDR/XDR TB patients
showed longer time to sputum culture conversion
compared with fluoroquinolone-susceptible MDR
TB. Pre-XDR/XDR TB resistance status was not inde-
pendently associated with higher risk for SAEs.

In the literature, pre-XDR/XDR TB has been con-
sistently associated with treatment failure (19-22). In-
deed, in a meta-analysis published by Ahmad et al.,
the pooled successful treatment proportion for fluoro-
quinolone-susceptible MDR TB was estimated at 62%-
73%, whereas that of pre-XDR/XDR TB was 51%-57%
during the same period (2009-2016) (5). However,
MDR/XDR TB treatment outcomes have improved
with the introduction of bedaquiline and delamanid
(23-25), together with repurposed TB drugs such as
linezolid, clofazimine, and carbapenems (26-29). In
our cohort, treatment success proportions were com-
parable between fluoroquinolone-susceptible MDR
TB, pre-XDR TB, and XDR TB patients. These results
are consistent with previous studies from high-income
countries such as Italy (10) and South Korea (11). In
those countries, as in France, these results may be ex-
plained by the routine availability of rapid molecular
testing, therapeutic drug monitoring, newer and re-
purposed drugs, and treatment design in consultation
with a MDR TB consilium (16,17,30).

The finding that fluoroquinolone resistance does
not affect treatment outcomes reflects the early ac-
cess and use of new and repurposed drugs in France.
However, the proportion of treatment success in
our cohort (67.8%) may appear low compared with
clinical trials, which usually achieve >80% success
(31,32). A likely explanation is the high proportion of
lost-to-follow-up (18.1%) and nonevaluated (11.4%)
outcomes, which account for 92% of all unfavorable
outcomes in our real-world cohort. This reasoning is
consistent with previous findings showing that even
high-income settings have room to improve with re-
spect to supports provided to MDR TB patients (33),
especially when a high proportion is not locally born
and may not be permanent residents.

In our study, pre-XDR/XDR TB was associated
with substantially longer time to sputum culture con-
version than was fluoroquinolone-susceptible MDR
TB. However, the difference did not affect treatment
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Figure. Kaplan—Meier curves of sputum time to culture conversion
in fluoroquinolone-susceptible MDR TB and pre-XDR/XDR TB
patients (log rank test p = 0.001). MDR, multidrug resistant
(susceptible to all fluoroquinolones); pre-XDR/XDR, pre—
extensively drug resistant/extensively drug resistant (resistant to
>1 fluoroquinolone); TB, tuberculosis.

outcomes; this finding is consistent with previous
studies in which time to culture conversion was not
a good predictor of treatment outcome (34,35). In our
study, the pre-XDR/XDR TB and fluoroquinolone-
susceptible MDR TB populations were very different.
Indeed, pre-XDR/XDR TB patients had more severe
TB pulmonary disease, as previously reported (10,11).
In addition, social indicators of precarity and psychi-
atric disorders were more frequently observed in the
pre-XDR/XDR TB population. Despite these differ-
ences in baseline characteristics that we expected to
cause worse outcome in pre-XDR/XDR TB patients,
fluoroquinolone-resistant MDR TB patients yielded
treatment success rate similar to that of fluoroqui-
nolone-susceptible MDR TB patients, and pre-XDR/
XDR TB resistance was not independently associated
with unfavorable treatment outcomes.

Table 5. Multivariable Cox proportional hazard model for sputum
conversion in 214 patients affected by MDR TB and with positive
sputum culture at baseline, France, 2006—2019*

Characteristic aHR (95% CI) p value
TB resistance status

Fluoroquinolone-susceptible Referent

MDR

Pre-XDR/XDR 0.59 (0.42-0.84)  0.003
Diabetes

No Referent

Yes 1.54 (0.79-2.97) 0.20
Treatment adherencet

Good Referent

Poor 1.40 (0.88-2.25) 0.16
Addiction to alcohol

No Referent

Yes 0.61 (0.38-0.99) 0.04

*We used multiple imputation for missing data. Results are from the final
model. aHR, adjusted hazard ratio.
TAssessed by treating physician.
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Table 6: Serious adverse events of 298 patients affected by MDR TB, France, 2006—2019*

TB resistance status

Characteristic Total, N = 298 MDR, n = 205 Pre-XDR/XDR, n = 93 p value
Serious adverse events 152 (51.0) 94 (45.9) 58 (62.4) 0.02
Event type
Peripheral neuropathy 82 (27.5) 50 (24.4) 32 (34.4) NS
Ototoxicity 78 (26.2) 42 (20.5) 36 (38.7) 0.001
Gastrointestinal 39 (13.1) 26 (12.7) 16 (17.2) NS
Hepatotoxicity 35 (11.7) 27 (13.2) 8 (8.6) NS
Hematologic abnormalities 29 (9.7) 17 (8.3) 12 (13.0) NS
Anemia 20 (6.7) 12 (5.9) 8 (8.6) NS
Thrombocytopenia 11 (3.7) 5(2.4) 6 (6.5) NS
Neutropenia 6 (2.0) 4 (2.0) 2(2.2) NS
Musculoskeletal pain 24 (8.1) 20 (9.8) 4 (4.3) NS
Tendinopathy 10 (3.4) 9 (4.4) 1(1.1) NS
Arthralgia 15 (5.0) 12 (5.9) 3(3.2) NS
Psychiatric 18 (6.0) 12 (5.9) 6 (6.5) NS
Renal toxicity 17 (5.7) 14 (6.8) 3(3.2) NS
Optic neuritis 10 (3.4) 5(2.4) 5(5.4) NS
Hypothyroidism 9 (3.0) 6 (2.9) 3(3.2) NS
QT prolongation 8 (2.7) 4 (2.0) 4 (4.3) NS
Other 14 (4.7) 4 (2.0) 10 (10.8) NS

*Values are no (%) except as indicated. MDR, multidrug resistant (susceptible to all fluoroquinolones); NS, not statistically significant; QT, QT interval on
electrocardiogram; pre-XDR/XDR, pre—extensively drug resistant/extensively drug resistant, (resistant to >1 fluoroquinolone); TB, tuberculosis.

Our study also highlights that the revised defini-
tion of XDR TB concerns a limited number of patients in
France, as previously reported (36). Indeed, only 9 pa-
tients >14 years of age, corresponding to 3% of the total
MDR TB patients, could be classified as XDR TB in our
cohort. The small number of patients affected by XDR
TB prevented us from performing planned subgroup
analyses. Overall, treatment outcome and safety in this
group seemed comparable with other MDR TB patients,
whereas time to sputum culture conversion was longer.

In multivariable logistic regression, previous TB
treatment and poor treatment adherence, but not pre-
XDR/XDR TB status, were independently associated
with treatment failure. In the literature, numerous risk
factors were reported for treatment failure, including

Table 7. Risk factors for serious adverse events in 298 patients
affected by MDR TB, France, 2006—2019*

Characteristic aOR (95% CI) p value
TB resistance status

Fluroroquinolone-susceptible Referent

MDR

Pre-XDR/XDR 1.31 (0.76-2.26) 0.34
Treatment adherencet

Good Referent

Poor 1.24 (1.04-1.47) 0.01
Past imprisonment

No Referent

Yes 1.15 (0.92-1.44) 0.21
Pulmonary tuberculosis

No Referent

Yes 0.71(0.47-1.09) 0.18

*We used multivariable logistic regression with multiple imputation for
missing data. Results are from the final model. aOR, adjusted odds ratio;
MDR, multidrug resistant (susceptible to all fluoroquinolones); pre-
XDR/XDR, pre—extensively drug resistant/extensively drug resistant,
(resistant to >1 fluoroquinolone); TB, tuberculosis.

TAssessed by treating physician.
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age, lower body mass index, history of drug abuse, and
comorbidities (10,11,37,38). We tested and confirmed
the absence of interaction between previous TB treat-
ment and poor treatment adherence before including
those variables in multivariable models; however, we
could hypothesize that previous treatment that led to
poor outcome could be associated with lower adher-
ence to medical visits (i.e., a patient’s lack of confidence
in treatment after failure of a previous TB treatment).

A strength of our study is that it includes a
multivariable evaluation of safety of treatment in
fluoroquinolone-susceptible MDR TB compared
with pre-XDR/XDR TB (11). In univariate analy-
sis, serious adverse events were more frequent in
pre-XDR/XDR TB cases than in fluoroquinolone-
susceptible MDR TB cases, but this difference was
not confirmed in multivariable analysis. The high-
er proportion of SAE in the pre-XDR/XDR group
is likely linked to a longer duration of treatment
and to a more frequent use of poorly tolerated
drugs, such as linezolid, in this group, as described
previously (39).

Our analysis had the inherent limitations of
retrospective studies; one was the issue of missing
data, which we managed using multiple imputation.
Overall, the rate of loss to-follow-up was high in our
cohort, and we were not able to collect data up to 2
years after end-of-treatment outcome for all patients.
Furthermore, we focused on retrieving only SAEs,
without considering nonserious adverse events that,
for instance, might have compromised treatment ad-
herence. In addition, we included 3 referral centers in
the metropolitan Paris area. A large part of the more
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complex patients from all areas in France are known
to be referred to those 3 centers. Hence, we have a
potential bias in extrapolating our conclusions to all
cases of MDR TB in France.

In summary, in our cohort of MDR TB patients
treated in France during 2006-2019, the proportion
of treatment success was only 67.8% because of high
rates of patients who did not complete follow-up
and unevaluated outcomes. We were unable to de-
tect any differences in success rates between fluoro-
quinolone-susceptible MDR TB and pre-XDR/XDR
TB patients; this finding may be linked to the high
proportion of pre-XDR/XDR TB patients receiving
newly defined group A drugs and to individually
tailored treatment regimens through a multidisci-
plinary consilium. As expected, SAEs were frequent
and affected more than half our cohort patients,
which underlines the need for better management of
the more toxic drugs such as linezolid.
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Fulminant Transfusion-Associated
Hepatitis E Virus Infection Despite
Screening, England, 2016—-2020

Heli Harvala, Claire Reynolds, Su Brailsford, Katy Davison

In England, all blood donations are screened in pools of
24 by nucleic acid test (NAT) for hepatitis E virus (HEV)
RNA. During 2016-2020, this screening successfully
identified and intercepted 1,727 RNA-positive donations.
However, review of previous donations from infected
platelet donors identified 9 donations in which HEV RNA
detection was missed, of which 2 resulted in confirmed
transmission: 1 infection resolved with ribavirin treat-
ment, and 1 proceeded to fatal multiorgan failure within
a month from infection. Residual risk calculations predict
that over the 5-year study period, HEV RNA detection
was missed by minipool NAT in 12-23 platelet and 177—
354 whole-blood donations, but transmission risk re-
mains undetermined. Although screening has been able
to largely eliminate infectious HEV from the blood supply
in England, missed detection of low levels of HEV RNA
in donated blood can lead to a severe, even fulminant,
infection in recipients and could be prevented by more
sensitive screening.

epatitis E virus (HEV) is a nonenveloped en-

teric virus, classified in the genus Orthohepe-
virus, family Hepeviridae (1). HEV is divided into
8 genotypes that differ substantially in their host
ranges and zoonotic capacities. Genotypes 1 and
2 typically infect humans and have been associ-
ated with large waterborne outbreaks of infections
in developing countries. By contrast, genotypes 3
and 4 are endemic among domestic pigs, wild boar,
and rabbits; most pigs reared for pork produc-
tion in Europe have been infected with genotype
3 (2), and HEV RNA is detected in 40% of farmed
pig fecal samples (3). Humans are increasingly
exposed to HEV in developed countries through
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consumption of uncooked processed or cured pork
products, typically with genotype 3 in Europe,
North America, and Japan and with genotype 4 in
China and other parts of Southeast Asia (2,4-7). Se-
roprevalence of HEV antibodies, indicative of past
exposure and infection, are in the range of 5%-13%
in the United Kingdom (8-10) and in the low-to-mid-
dle range of incidence estimated for other countries
in Europe (11-13). Recent increases in human infec-
tions (14) are undoubtedly the direct consequence
of increasing circulation of HEV in farmed pigs;
20% of pigs have active infection at time of slaugh-
ter, posing universal human exposure risk at time
of slaughter (15).

Ongoing and increasing HEV endemicity among
farmed pigs creates downstream effects for human
blood transfusion from infected blood donors. HEV
infections are associated with variable periods (3-5
weeks) of often intense viremia (16) during acute
infections that may transmit infections to blood re-
cipients (17,18). Measured frequencies of RNA as an
indicator of viremia in blood donors are remarkably
high, 1 detection/2,000 donations tested to 1 detec-
tion/3,000 donations according to several studies of
blood donors in different countries in western Eu-
rope (17,19,20) and as high as 1 detection/762 do-
nations in the Netherlands (21) and 1 detection/157
donations in Italy (13). Several studies have docu-
mented transmission of HEV infections to blood re-
cipients (16,17,20,22), typically from donations that
have higher viral loads and are seronegative for
HEV antibodies and from blood components with
higher residual plasma volumes, such as platelets
(2,17). A proposed threshold by which infectious
and noninfectious donations could be differentiated
was 2 x 10* IU of HEV RNA (23).

Although HEV infections are typically mild
and self-resolving, those in immunocompromised
blood and platelet recipients may persist and induce
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rapidly progressive liver disease and frequently
cause death (24-27). The potential for severe disease
outcomes in recipients of blood components has led
to detailed modeling-based investigations of HEV
RNA screening for blood and platelet donors (28).
Only the United Kingdom, Ireland, and the Neth-
erlands now perform universal donor screening;
for immunocompromised patients, many blood
services in Germany, France, and Switzerland also
perform selective screening for components. Many
countries, notably the United States, have elected
not to screen on the basis of low risk and cost-effec-
tiveness (29). Among blood services that do screen
for HEV RNA, the lack of international consensus
for screening requirements has introduced fur-
ther variability in the pool sizes used for screen-
ing; larger pools reduce costs but also sensitivity.
A number of modelling studies have attempted to
estimate residual infectivity risk by using different
pool sizes and assay formats for HEV RNA testing
(30-33), albeit with conclusions tempered by ongo-
ing uncertainty over the upper limit of viral loads
that are noninfectious.

In the United Kingdom, transfusion compli-
cations are monitored by the Serious Hazards of
Transfusion (SHOT) hemovigilance group (https://
www .shotuk.org/shot-reports). However, reported
cases of HEV transmission may underestimate their
true extent because infections may be unsuspected
and underdiagnosed or not linked to blood compo-
nent transfusion in patients in whom complications
may develop.

With this study, we aimed to describe the bur-
den of HEV among blood donors, determine the risk
for nondetection of HEV, and reassess the extent and
effect of transfusion-transmitted infections in the
presence of a national screening programme. Signed
consent was obtained from each donor before blood
collection, including consent for NHS Blood and
Transfusion (NHSBT) to use their data for clinical au-
dit to assess and improve our services, as well as to
increase our knowledge of the donor population.

Methods

Study Population

We used surveillance data collected by the joint NHS-
BT/UK Health Security Agency (UKHSA) Epidemi-
ology Unit from all HEV RNA-positive apheresis
and whole-blood donors identified in England from
March 1, 2016, through December 31, 2020. We also
used the total number of donations tested in both cat-
egories within that period.
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HEV Testing of Donated Blood

We tested all apheresis donations collected in England
during the study period for HEV RNA. On April 10,
2017, testing of whole-blood donations changed from
selective to universal, for reasons of operational sim-
plicity and cost-effectiveness. We performed HEV RNA
testing in pools of 24 donations (cobas MPX for use on
the 6800/8800 systems; Roche Diagnostics, https://
www.roche.com). A reported 95% limit of detection
was 18.6 IU/mL, translating to 446 IU/mL at the indi-
vidual donation level when tested in pools of 24. We
resolved reactive pools to individual HEV RNA-con-
taining donations by using the same assay and sub-
jected individual samples to confirmatory HEV testing,
including serology and molecular investigations at the
Microbiology Services Laboratory (NHSBT, Colindale,
UK) as described previously (34). Donations in which
HEV RNA was detected at screening were removed
from the clinical supply, and the donors were followed
up clinically (informed and advised to contact their gen-
eral practitioner if unwell) (34).

Archived Samples and Testing of Transfusion
Recipient when Indicated

NHSBT archived 900 pL plasma from each blood do-
nation for a minimum of 3 years. We requested the
archived plasma sample from the most recent HEV
RNA-negative donation for individual HEV RNA and
antibody testing for all apheresis donors whose subse-
quent donation was HEV RNA positive. If HEV RNA
was detected, we also retrieved the next most recent
archive sample for testing. During March 2016-June
2018, hospitals that received the HEV RNA-positive
blood components were informed of potential risks
and advised to consider appropriate actions. Since July
2018, clinical teams have followed up with transfusion
recipients, and testing for HEV RNA and IgG for up
to 6 months after transfusion has been recommended.

Transfusion-Transmitted Infections

The NHSBT/UKHSA Epidemiology Unit collated
data on all suspected transfusion-transmitted HEV
infections reported to, and investigated by, NHSBT
during the 5-year study period and reported them to
SHOT. The outcomes of the investigations were de-
termined to be confirmed, probable, or not transfu-
sion-transmitted infection. We did not consider trans-
missions that had occurred before the introduction of
HEYV screening.

Residual Risk Calculations
To estimate residual risk of not detecting HEV RNA
in apheresis and whole-blood donations, we applied
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the traditional window period method to HEV test-
ing data. We assume that nondetection resulted from
proximity to initial infection in a window period of
HEV NAT screening. The number of apheresis and
whole-blood donations tested and found positive for
HEV RNA were available from NHSBT/UKHSA epi-
demiology surveillance for March 2016 through De-
cember 2020.

We assumed incidence to be equal to the rate
of HEV RNA positivity among donors. To estimate
risk, we multiplied incidence by the duration of the
window period in years for HEV NAT by using 0.019
years (corresponding to 7 days) and 0.038 years (cor-
responding to 14 days). These parameters were based
on expert opinion in the absence of any published
values. We calculated risk for apheresis and whole-
blood donations by year per million donations tested.
To derive an approximate number of undetected HEV
RNA-positive donations, we extrapolated risks to the
estimated number of apheresis and whole-blood do-
nations each year.

Results

Detection of HEV RNA in Donated Blood

From March 1, 2016, through December 31, 2020, a
total of 6,297,904 blood donations, including 350,323
apheresis and 5,947,581 whole-blood donations, were
screened for HEV RNA in England. HEV RNA was
detected and infection confirmed in all 1,727 ini-
tially RNA-reactive blood donations collected from
1,727 blood donors, of which 107 were apheresis
and 1,620 whole-blood donors (Table 1). Most blood
donors (1,559,517) were screened in 2018, and most
HEV RNA-positive donations (470) were identified in
2019. Overall, HEV RNA was detected in 1 of every
2,000 donors (varying from 1/1,258 donors in 2016 to
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1/2,591 donors in 2017) and in 1 of every 3,647 do-
nations (varying from 1/1,258 donations in 2016 to
1/2,591 donations in 2017).

Viral loads were available for 1,200 HEV RNA-
positive donations. The geometric mean viral load
was 998 IU/mL (range 1-8.7 x 10° IU/mL); viral
load was below the theoretical 95% detection limit
of screening assay used in 35.8% of donations. Of
note, <100 IU/mL of HEV RNA was detected in 17%
of donations (Figure). All donations that were ret-
rospectively shown to contain HEV RNA had a low
viral load, below the level of reliable quantification
(37 IU/mL).

Residual Risk for HEV Nondetection

The annual HEV incidence and estimated risk for
nondetection fluctuated each year for apheresis and
whole-blood donors (Table 2). For apheresis donors,
estimates were highest in 2020 (incidence 2,052.7
and risk for nondetection 39.34 per 1 million dona-
tions tested), whereas estimates for whole-blood
donors were highest when screening was first intro-
duced in 2016 (incidence 2,401.9 and risk for non-
detection 46.03 per 1 million donations tested). Risk
for both groups of donors increased 2-fold if a win-
dow period of 14 days instead of 7 days was used.
During the study period, the estimated risk, with a
7-day window period, predicted that 12 apheresis
and up to 177 whole-blood donations positive for
HEV RNA were not detected (Table 3); that predic-
tion increased to 24 apheresis and 354 whole-blood
donations positive when a 14-day window period
was assumed.

HEV Lookback
During the 5-year study period, a total of 107 HEV
RNA-positive apheresis platelet donations were

Table 1. Number of donations and donors tested for hepatitis E virus RNA, number of positive results, detection rate, and incidence
rate for apheresis and whole-blood donors, England, March 2016—December 2020

Incidence rate, HEV
RNA—positive samples/

Detection rate, no. HEV
RNA detections/1

Donation type, year Donations Donors Positive million donations 1 million donors

Apheresis
2016 69,605 14,952 24 344.8 1,966.5
2017 74,422 15,987 20 268.7 1,632.6
2018 70,709 15,189 24 339.4 1,935.8
2019 68,907 15,450 15 217.7 1,241.5
2020 66,680 13,593 24 359.9 2,052.7
Total 350,323 75,170 107 305.4 1,741.9

Whole blood
2016 413,153 234,141 174 421.2 2,401.9
2017 1,256,503 712,083 261 207.7 1,184.6
2018 1,488,808 843,734 351 235.8 1,344.6
2019 1,450,628 825,363 455 313.7 1,788.8
2020 1,338,489 769,420 379 283.2 1,614.9
Total 5,947,581 3,384,741 1,620 272.4 1,553.4
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Figure. Hepatitis E virus viral
loads in 1,200 individual blood
donors in England, 2016—
2020. Median viral loads
were comparable over the
study period. Circles indicate
individual donors; horizontal
lines within boxes and
numbers above plots indicate
medians; boxes indicate first
and third quartile values;
whiskers indicate lowest and
highest data points.

identified (Table 4). Retrospective individual HEV
RNA testing of donors’ 98 previous donations iden-
tified 9 HEV RNA-positive donations that were
undetected by screening because of low viral loads
(<37 IU/mL) and supplied for clinical use. Retro-
spective investigations included identification and
follow-up of the 18 recipients of the platelet compo-
nents produced from the indicated donations (Ta-
ble 5). All components were traced; no data were
received back from 8 recipients, 3 had subsequently
died, and sufficient follow-up data were received
for the remaining 7. Follow-up testing excluded
HEV infection in 5 recipients (all were HEV IgG
and RNA negative 6 months after transfusion) and
confirmed HEV infection in 2 recipients (1 in 2018
and 1 in 2019; both were HEV RNA positive). Fur-
ther investigations, including sequence analysis,
confirmed that both recipients had acquired their
infection via transfusion.

Confirmed HEV Transmission in 2018

Retrospective individual PCR testing detected a
low level (37 IU/mL) of HEV RNA in a platelet
donation. One recipient was a young patient with
sepsis, who died of an underlying condition 2 days
after transfusion. The other was a hematology pa-
tient who had completed treatment for B-cell lym-
phoma. He became viremic 8 weeks after transfu-
sion and was immediately placed under the care of
the hepatology team. He received ribavirin, and ~6
months later, the HEV infection cleared. Identical
HEV sequences obtained from donor and recipi-
ent samples confirmed the blood transfusion as a
source of this HEV infection.

Confirmed HEV Transmission in 2019

The index apheresis platelet donation contained low
levels of HEV RNA (<37 IU/mL). A male patient,
40-50 years of age, with aplastic anemia and portal

Table 2. Incidence of hepatitis E virus RNA positive samples and estimated risk for nondetection, with 7-day window period risk for
apheresis and whole blood donors. England, March 2016—December 2020

Incidence, HEV RNA—positive samples/

Risk per 1 million if window period 7 days

Donation type, year 1 million donors (95% CI)
Apheresis
2016 1,966.5 37.69 (24.15-56.07)
2017 1,532.6 29.37 (17.94-45.36)
2018 1,935.8 37.10 (23.77-55.20)
2019 1,241.5 23.79 (13.32-39.24)
2020 2,052.7 39.34 (25.21-58.53)
Whole blood
2016 2,401.9 46.03 (39.45-53.40)
2017 1,184.6 22.70 (20.03-25.63)
2018 1,344.6 25.77 (23.14-28.61)
2019 1,788.8 34.28 (31.21-37.58)
2020 1,614.9 30.95 (27.91-34.23)
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Table 3. Estimated number of hepatitis E virus RNA—positive donors not detected, according to 7-day window period risk for apheresis

and whole blood donors, England, March 2016—-December 2020

Donation type, year

Donations tested

No. not detected if window period 7 days (95% CI)

Apheresis
2016 69,605 2.62 (1.68-3.90)
2017 74,422 2.19 (1.34-3.38)
2018 70,709 2.62 (1.68-3.90)
2019 68,907 1.64 (0.92-2.70)
2020 66,680 2.62 (1.68-3.90)
Total 350,323 11.70 (7.30-17.79)

Whole blood
2016 413,153 19.02 (16.30-22.06)
2017 1,256,503 28.53 (25.17-32.21)
2018 1,488,808 38.36 (34.46-42.59)
2019 1,450,628 49.73 (45.27-54.52)
2020 1,338,489 41.42 (37.36-45.81)
Total 5,947,581 177.07 (158.55—-197.19)

hypertension received the first unit of apheresis plate-
lets in September 2019. At the time of HEV diagnosis
in early November 2019 (sample taken at our advice),
he was clinically well. He was monitored carefully
and remained stable with unchanged liver function
test results until mid-November, when his viral load
peaked at 29,200,000 IU/mL and a strong antibody
response against HEV developed, coinciding with
a sudden increase in bilirubin and aspartate amino-
transferase levels. Treatment with ribavirin was ini-
tiated, but his liver and renal function continued to
deteriorate, leading to acute hepatitis with kidney
failure, and he died at the end of November. Trans-
mission was confirmed by sequence identity of the
infecting HEV strains and of the subsequent apher-
esis donation (viral load of 4,900 IU/mL), collected 3
weeks after the index donation.

The other recipient of platelets from this donation
had vascular type Ehlers-Danlos syndrome and was
followed up for 6 months. HEV infection was exclud-
ed by both serology and molecular testing.

Transfusion-Transmitted Infections

In England, all suspected transfusion-transmitted in-
fections investigated by NHSBT are reported to the
NHSBT/UKHSA Epidemiology Unit and to SHOT.
During 2016-2020, NHSBT investigated and report-
ed 6 cases of possible transfusion-transmitted HEV.
Transfusion-transmitted infection was not considered

for 3 cases, was confirmed for 2 cases, and was prob-
able for the remaining case, for which a red blood
cell transfusion was shown to be the probable source
of the recipient’s HEV infection. The recipient was
a multitransfused young adult with aplastic anemia
and Turner syndrome; infection cleared after ribavi-
rin treatment, but the virus in the donor could not be
typed because of low levels of viremia.

Discussion

To mitigate the risk for transfusion-transmitted chron-
ic HEV infection in immunocompromised patients in
the United Kingdom, blood donation screening for
HEV RNA was introduced in March 2016. Since then,
through screening of >6.2 million blood donations
for HEV RNA in England, 1,727 HEV RNA-positive
donations have been removed from the blood supply
and only 2 cases of transfusion-transmitted HEV in-
fection have been identified. Although these findings
suggest that the pooled screening strategy has been
able to largely eliminate the infectious HEV from the
blood supply in England, our residual risk calcula-
tions argue against that conclusion.

Although individual NAT represents the most ef-
fective screening method for identifying HEV RNA
in donations, including those with the lowest level
of HEV RNA, our data suggest that pooled NAT
performs better than the theoretically calculated sen-
sitivity would indicate. Almost one third of identified

Table 4. Nondetection of HEV RNA based on retrospective investigations for apheresis donors, in which indicated donations are
individually retested for HEV RNA, England, March 2016 to—December 2020

Screening

Previous donations

No. No. HEV RNA- No. components

No. apheresis No. HEV RNA- retrospectively positive donations produced and supplied
Year(s) donations screened  positive donations tested identified by retesting for clinical use
2016-2017 144,027 44 35 2 4
2018 70,709 24 24 3 6
2019 68,907 15 14 2 4
2020 66,680 24 25 2 4
Total 350,323 107 98 9 18
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Table 5. Details of lookback investigations into 9 HEV RNA positive platelet donations supplied for clinical use in England, March 2016

to December 2020*

HEV viral load, Recipient follow-up testing
Donation no. IU/mLt Components Recipient details results
Donation 1 4 Platelet 1 Hospitals informed, no data back NA
Platelet 2
Donation 2 8 Platelet 1 Hospitals informed, no data back NA
Platelet 2
Donation 3 <37 Platelet 1 Hospitals informed, no data back NA
Platelet 2
Donation 4 <37 Platelet 1 Hospitals responded, no evidence of NA
Platelet 2 transmission
Donation 5 37 Platelet 1 M, 50-60 years, B-cell lymphoma Confirmed transmission
Platelet 2 F, 20-30 y, sepsis Deceased
Donation 6 37 Platelet 1 F, 60-70 y, aplastic anemia Tested negative
Platelet 2 M, 50-60 y, lymphoma Tested negative
Donation 7 4.5 Platelet 1 M, 40-50 y, aplastic anemia Confirmed transmission
Platelet 2 F, 50-60 y, vascular syndrome Tested negative
Donation 8 10 Platelet 1 M, 60-70 y, aplastic anemia Tested negative
Platelet 2 M, <10y, cancer Deceased
Donation 9 3 Platelet 1 F, 40-50 y, myelodysplastic syndrome Tested negative
Platelet 2 M, 40-50 y, acute myeloid leukemia Deceased

*Each donation was tested for HEV RNA and divided into 2 platelet packs.

TEstimated viral loads given where available. HEV, hepatitis E virus; NA, not applicable.

HEV RNA-positive donations had a viral load below
the theoretical assay sensitivity of 446 IU/mL calcu-
lated for individual donors (430/1,200, 36%), and ap-
proximately half of those had a viral load of <100 IU/
mL (206/1,200, 17%). These data are comparable to
those obtained by individual NAT screening with an
increased sensitivity of 7.89 IU/mL (Grifols, https://
www.grifols.com) in Ireland, where 37.5% of HEV
RNA-containing blood donations had a viral load of
<100 IU/mL (18).

Consistent with those data, during our 5-year peri-
od of pooled screening, missed HEV RNA detection in
donations retrospectively identified low levels of HEV
RNA (<37 1U/mL). Although pooled HEV screening is
generally effective for identifying donations with low-
level viremia, the process repeatedly missed donations
with HEV RNA <37 IU/mL. Similar findings were
obtained in Germany, where all HEV RNA-positive
donations exclusively identified by individual NAT
screening had viral loads of <25 IU/mL (32,33).

When we further calculated the residual risk for
HEV RNA nondetection on the basis of 7-day and
14-day window periods, the estimated risk predicted
that 12-24 apheresis platelet donations and 177-354
whole-blood donations positive for HEV RNA would
not have been detected over the 5-year study period.
Despite uncertainty in the parameters, this predicted
risk is similar to the true risk demonstrated so far for
apheresis donations: during 2016-2020, initial pooled
screening did not detect HEV RNA positivity in 9
apheresis donations.

Although the model predicted that the screen-
ing is missing HEV RNA in a much larger number
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of whole-blood donations, these missed detections
do not directly equate to transmission risk. Infectious
HEV is considered to partition into the plasma com-
ponent of a donation; the residual plasma volume is
substantially higher in platelet (180 mL) than in red
blood cell (5 mL) donations. The 7-fold lower residual
plasma volume in red blood cell donations may there-
fore reduce transmission risk from this component.
Indeed, the estimated maximum dose of HEV RNA
in red blood cell donations containing low levels of
HEV RNA would probably remain at <1,000 IU of
HEV RNA (37 IU/mL x 25 mL = 925 IU), in contrast
to the level predicted for platelet donations (37 IU/
mL x 180 mL = 6,660 IU).

The minimum infectious dose of HEV RNA lead-
ing to an infection in the transfusion recipient remains
unknown. Earlier studies suggested that ~20,000 U
of HEV RNA would be required for efficient trans-
mission (23,35). Since then, lower amounts of HEV
RNA have been occasionally associated with virus
transmission (36). So far, the lowest amount of HEV
RNA leading to transmission is 7,056 IU; transmis-
sion occurred via apheresis platelet transfusion and
resulted in chronic HEV infection in an immunosup-
pressed recipient (20). Although we could not deter-
mine the exact infectious doses linked to the 2 cases
of HEV transmission, we can estimate that doses
leading to an infection were <6,660 IU of HEV RNA.
Both cases were identified in our study via the active
lookback investigation in which doctors caring for
these recipients were contacted and the importance
of HEV RNA testing even without the symptoms was
explained. Both recipients were tested 8 weeks after
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transfusion and were completely asymptomatic at the
time of testing. Even if HEV had been considered as
a diagnosis when additional symptoms developed, it
is possible that HEV infection would not have been
linked to the previous transfusions. Our findings in-
dicate the value of active lookback investigations in
cases for which infections may easily be missed or un-
suspected clinically. This approach estimates the true
minimum infectious dose of HEV RNA required for
transmission via blood transfusion.

HEV RNA has traditionally been considered to
be largely present in plasma; hence, plasma volume
determines the risk for transmission. However, the
potential sequestration of HEV virions by platelets
should also be considered as contributors to HEV
transmission risk from this blood component. Al-
though the main function of platelets is to maintain
vascular integrity, they also play roles in viral im-
mune responses. For example, platelets express many
receptors, including integrins, that mediate virus at-
tachment and can hence bind to free virus and present
it to neutrophils (37). Integrins also play a key role for
cellular attachment and entry of HEV (38). Given the
association of HEV transmission with platelet trans-
fusions, whether platelets do indeed bind HEV and
contribute to transmission risk independently from
HEV circulating in plasma is an additional param-
eter. Although this platelet-bound virus is probably
controlled within an immunocompetent donor host,
it could lead to a more severe infection in recipients
with suboptimal platelet and neutrophil reservoirs.
This consequence could explain the severe outcome
in aplastic anemia patients in whom the bone mar-
row fails to produce enough blood cells because the
normal hematopoietic stem cells are replaced by ab-
normal cells.

HEV genotype 3 can cause a chronic infection and
occasionally lead to cirrhosis or even liver failure in
immunosuppressed patients and those with underly-
ing chronic liver disease (24-27). In our study, chron-
ic HEV infection developed in 1 patient with B-cell
lymphoma and the HEV infection was successfully
treated with ribavirin. However, acute hepatitis with
kidney failure developed in the other patient, who
had aplastic anemia and died within a month of ac-
quiring the HEV infection via blood transfusion. This
outcome was unexpected because aplastic anemia
has not previously been considered to be a particular
risk factor for HEV infection. Although it might have
been a coincidence that the third probable HEV trans-
mission event investigated in England in 2019 was
also associated with a recipient with aplastic anemia,
those results prompted us to review fulminant cases
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of transfusion-transmitted HEV infection in patients
with aplastic anemia reported in the literature. Of
note, 2 patients with aplastic anemia acquired HEV
infection via blood transfusion and the cases were re-
ported; both patients died, 1 with sepsis and 1 with
cardiac issues (17). These data led to the possibility
that patients with aplastic anemia might specifically
be at higher risk for transfusion-transmitted HEV in-
fection, underlying the value of active surveillance
looking for unusual manifestations in blood recipi-
ents beyond the typical hepatitis.

In conclusion, the pooled screening strategy has
been able to largely eliminate infectious HEV from the
blood supply in England because only 2 confirmed
transfusion-transmitted HEV infections have been re-
ported since the screening began in 2017. However,
2 cases are probably an underestimate because the
analysis of HEV transmissions was based on a small
number of donations in which HEV RNA was known
to have been missed by pooled screening and even
fewer recipients who were available for active follow-
up. Further residual risk calculations predict that
very low levels of HEV RNA were missed in up to
24 apheresis and 354 whole-blood donations during
the study period. This information is especially use-
ful now because our results show that even these low
levels of HEV RNA can lead to a severe, even fulmi-
nant, infection in the recipient.
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Costs of Tuberculosis
at 3 Treatment Centers,
Canada, 2010—-2016

Jonathon R. Campbell, Placide Nsengiyumva, Leslie Y. Chiang, Frances Jamieson, Hadeel Khadawardi,
Henry K.-H. Mah, Olivia Oxlade, Hayden Rasberry, Elizabeth Rea, Kamila Romanowski, Natasha F. Sabur,
Beate Sander, Aashna Uppal, James C. Johnston, Kevin Schwartzman, Sarah K. Brode

We estimated costs of managing different forms of tu-
berculosis (TB) across Canada by conducting a retro-
spective chart review and cost assessment of patients
treated for TB infection, drug-susceptible TB (DS TB),
isoniazid-resistant TB, or multidrug-resistant TB (MDR
TB) at 3 treatment centers. We included 90 patients
each with TB infection and DS TB, 71 with isoniazid-
resistant TB, and 62 with MDR TB. Median per-patient
costs for TB infection (in 2020 Canadian dollars) were
$804 (interquartile range [IQR] $587-$1,205), for DS
TB $12,148 (IQR $4,388-$24,842), for isoniazid-resis-
tant TB $19,319 (IQR $7,117-%$41,318), and for MDR
TB $119,014 (IQR $80,642-$164,015). Compared with
costs for managing DS TB, costs were 11.1 (95% CI
9.1-14.3) times lower for TB infection, 1.7 (95% CI
1.3-2.1) times higher for isoniazid-resistant TB, and
8.1 (95% CI 6.1-10.6) times higher for MDR TB. Broad-
ened TB infection treatment could avert high costs as-
sociated with managing TB disease.

fter marked declines in tuberculosis (TB) inci-

dence in Canada during the second half of the
20th century (1), progress toward elimination has
stalled (2). Although a focus on detection and treat-
ment of TB disease was highly effective in the past,
changing epidemiology has limited the impact of
this approach in reaching elimination. Additional ap-
proaches are needed. These approaches may include
more targeted efforts for disproportionately affected

populations, such as some Indigenous communities
(2,3) and persons born outside of Canada (4).

Yet health resources are scarce (5). A fundamental
aspect of decision-making in health is understanding
the trade-offs associated with potential interventions
or programs in comparison to other interventions and
programs within the broader health agenda. To achieve
the greatest return (improved health) on investment
(money spent), policymakers should have accurate
cost estimates for the various elements of TB preven-
tion and care. However, costs associated with TB in
Canada have not been estimated since 2004 (6). With
new tests and treatments available for TB infection and
disease, updated cost estimates will support informed
decision-making for resource allocation around exist-
ing and emerging interventions and programs (7-13).

We sought to estimate the TB-related health sys-
tem costs associated with managing persons treated
for TB infection and different forms of TB disease,
and the predictors of these costs, at 3 major TB treat-
ment centers in British Columbia, Ontario, and
Quebec, Canada.

Methods
Study Design and Participating TB Treatment Centers

We conducted a retrospective chart review of persons
initiating treatment for TB infection, drug-susceptible
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TB (DS TB) disease, isoniazid-resistant TB disease, or
multidrug-resistant TB (MDR TB) disease; we defined
MDR TB as TB resistant to at least isoniazid and ri-
fampin. We extracted data at 3 TB treatment centers
in Canada: the British Columbia Centre for Disease
Control (BCCDC), West Park Healthcare Centre
(WPHC) in Toronto, Ontario, and the Montreal Chest
Institute (MCI) in Quebec. In Canada, healthcare, in-
cluding TB management, is a provincial and territo-
rial responsibility.

BCCDC operates 2 TB clinics in the greater Van-
couver region, treating all persons with TB infection
and TB disease in the region. In 2016, BCCDC treated
241 persons for TB disease (all forms) and 676 persons
for TB infection. WPHC, a rehabilitation and complex
care hospital in Toronto, Ontario, housing a 20-bed
dedicated inpatient TB unit and an ambulatory TB
clinic, is recognized as a referral center for complex
and drug-resistant TB. WPHC treated 119 persons for
TB disease (all forms) and 33 persons for TB infection
in 2016. MCI is located within the McGill University
Health Centre, and is a center for TB screening and
surveillance for newly arrived adult migrants to Can-
ada. MClI treated 51 persons for TB disease (all forms)
and 488 persons for TB infection in 2016.

Study Inclusion and Exclusion Criteria

We included persons of any age who initiated treat-
ment at any participating site during July 1, 2010-June
30, 2016; we reviewed consecutive patients, work-
ing backward from the end date, to permit adequate
time to complete treatment and follow-up owing to
the approximate 18-20-month duration of MDR TB
treatment. All forms of TB disease required micro-
biologic confirmation (i.e., positive culture or posi-
tive nucleic acid amplification test). In addition, DS
TB required confirmed susceptibility by phenotypic
or genotypic means to all first-line TB drugs (i.e., iso-
niazid, rifampin, ethambutol, and pyrazinamide);
isoniazid-resistant TB required confirmed resistance
to isoniazid and susceptibility to rifampin; and MDR
TB required confirmed resistance to at least isoniazid
and rifampin. We excluded persons who initiated
treatment at a participating site but later transferred
to another treatment site where we could not access
their charts.

For MDR TB disease, all persons meeting inclu-
sion criteria at each site were included because of
the low incidence in Canada. For TB infection, DS
TB disease, and isoniazid-resistant TB disease, inci-
dence is higher and treatment is more standardized;
at each site we included up to 30 consecutive persons
meeting inclusion criteria (14). This group included
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patients who had initiated treatment closest to June
30, 2016, for WPHC and MCI, and closest to Decem-
ber 31, 2015, for BCCDC.

Procedures

For each person, we entered data into standardized
forms (Appendix Table 1, https:/ /wwwnc.cdc.gov/
EID/article/28/9/22-0092-Appl.pdf). In brief, for
each person we collected detailed information on de-
mographic and clinical characteristics, TB-related di-
agnostic tests performed, TB-related monitoring tests
performed, TB-related inpatient and outpatient visits
(including any visits requiring specialists), TB medi-
cation dose, frequency, and duration, including ad-
verse events (and, if applicable, reasons for discontin-
uation), method of treatment administration (directly
observed vs. self-administered), adjunct medications
administered during treatment, use of interpreters,
number of contacts traced (for all groups except those
with TB infection), and posttreatment monitoring
visits and evaluations. We completed data extraction
during August 2018-May 2020.

At each site, we tabulated costs for services,
consumables, and overheads (Appendix Table 2).
We documented costs from the health system per-
spective in 2020 Canadian dollars (1.00 CAD ~ 0.75
USD). When a cost item was unavailable from a
given center, we used the mean from the other cen-
ters to impute it (Appendix Table 2). To determine
drivers of cost, we grouped costs in 5 different cat-
egories: diagnosis, treatment, posttreatment follow-
up, hospitalization, and public health costs. We did
not include costs associated with healthcare seeking
before TB diagnosis or for post-TB disease complica-
tions. To estimate true resource use, we performed
microcosting where possible; in all other cases, we
used top-down approaches.

In the diagnosis category, we performed micro-
costing and considered costs associated with initial
physician consultations, nurse and interpreter time,
and overheads, as well as costs of diagnostic tests
(e.g., tuberculin skin test, chest radiograph, smear
microscopy, sputum culture, drug-susceptibility test-
ing, and computed tomography scans) and of routine
screening for other related conditions (e.g., HIV infec-
tion and viral hepatitis).

In the treatment category, we performed micro-
costing and considered costs associated with TB and
adjunct medications, tests for treatment and adverse
event monitoring (e.g., for liver transaminases, com-
plete blood count, therapeutic drug monitoring, and
audiometry), tests for treatment response (e.g., spu-
tum culture), and personnel and overhead associated
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with follow-up visits with nurses, physicians, and
specialists. Bedaquiline and clofazimine are given un-
der compassionate-use programs in Canada and are
not associated with costs to programs.

In the posttreatment follow-up category, we per-
formed microcosting and only considered costs as-
sociated with surveillance for TB recurrence. These
costs included chest imaging and costs of routine
follow-up appointments.

In the hospitalization category, we performed
microcosting and considered per-diem costs attrib-
uted to each day of hospitalization according to set-
ting. We also considered costs associated with visits
by physicians during the stay and with investigations
and medications.

In the public health category, we considered costs
of delivering directly observed therapy (DOT), when
performed, and costs associated with contact inves-
tigation. For costs of delivering DOT, we performed
microcosting at MCI and BCCDC, considering per-
sonnel (nurse, pharmacist, or both) and other costs
(e.g., travel). We used a top-down approach at WPHC
on the basis of data from Toronto Public Health. Be-
cause of the varied nature of contact investigations
across sites, we used a top-down approach on the ba-
sis of data from Toronto Public Health because they
had the most systematic and comprehensive data for
contact investigation (Appendix).

Data Analysis

We performed descriptive analysis of patient charac-
teristics by TB treatment center and form of TB (TB
infection, DS TB, isoniazid-resistant TB, or MDR TB).
For persons with TB infection, we also described those
receiving different regimens: 9 months of isoniazid,
4 months of rifampin, or other isoniazid-containing
regimens. For persons with MDR TB, we further de-
scribed persons with additional resistance to a fluoro-
quinolone (ofloxacin, moxifloxacin, or levofloxacin),
resistance to a second-line injectable drug (amikacin,
kanamycin, or capreomycin), or both.

For each person, we used the itemized costs to
estimate the costs associated with each cost category
defined previously and summed them to arrive at
an overall cost. We estimated median costs and in-
terquartile range (IQR) to illustrate cost variation,
but also estimated mean costs, because these data are
most useful for policymakers. We estimated costs for
each form of TB overall and in different subgroups
(as relevant): sex, age at treatment initiation (dichoto-
mous, based on median age in all persons), presence
versus absence of adverse events causing drug cessa-
tion, duration of hospitalization (dichotomous, based

1816

on median hospitalization duration in all persons
hospitalized), completion of treatment, acid-fast ba-
cilli smear status, presence of cavities, and location of
TB disease.

We performed regression by using linear mixed
models to identify predictors of cost for all forms of
TB together (using DS TB as the reference category).
We conducted a subgroup analysis where we exclud-
ed TB infection to assess the impact of clinical char-
acteristics such as radiography and microbiologic
findings. We also conducted stratified analyses for
each form of TB separately. We treated each site as
a random intercept. For each analysis, we log-trans-
formed costs and performed univariable analysis on
several predictors (Appendix Table 3). We included
age and sex as a priori predictors in all multivariable
models and any predictor with a p value <0.2 in uni-
variable analysis. We back-transformed the resultant
estimates and 95% Cls, which we interpreted as cost
ratios (15). Because costs are probably associated with
treatment completion or noncompletion, we did a
post hoc sensitivity analysis, in which we repeated all
analyses but excluded persons who did not complete
treatment. We performed all analyses in R version
4.1.0 (16) using package Ime4 (version 1.1-23) (17).

This study was approved by the research ethics
boards of the sites where data were collected. These
boards were the Research Institute of the McGill Uni-
versity Health Centre (approval no. 2019-4811), the
University of British Columbia (approval no. H18-
01700), and West Park Healthcare Centre (approval
no. 18-017-WP).

Results

Total Population

We included a total of 313 persons in the study: 101
(32%) from BCCDC, 132 (42%) from WPHC, and 80
(26%) from MCI. We tabulated the characteristics of
included persons (Table 1) and the estimated costs
of their management, stratified by form of TB (Table
2). We also stratified costs by patient characteristics
(Appendix Tables 4-7). We determined mean costs
for all analyses (Appendix Table 8). Overall, the me-
dian cost of TB infection was $804 (IQR $587-$1,205),
of DS TB disease was $12,148 (IQR $4,388-$24,842),
of isoniazid-resistant TB disease was $19,319 (IQR
$7,117-$41,318), and of MDR TB disease was $119,014
(IQR $80,642-$164,015).

We determined the relative contribution of each
cost category to the overall cost of management, again
stratified by form of TB (Figure). Although diagnosis
costs were a substantial contributor to overall costs
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in TB infection, their contribution was comparatively
smaller for other forms of TB. For TB disease (DS TB,
isoniazid-resistant TB, and MDR TB), hospitalization
costs accounted for a substantial proportion of all
costs (54.4% for DS TB, 61.7% for isoniazid-resistant
TB, and 37.2% for MDR TB).

Among the 313 persons, multivariable regression
estimated costs of managing TB infection were 11.1
times lower (adjusted cost ratio 0.09 [95% CI 0.07-
0.11]) than costs of managing DS TB. Conversely, costs
of managing isoniazid-resistant TB were 1.7 times
higher (95% CI 1.3-2.1) than DS TB, whereas costs
of managing MDR TB were 8.1 times higher (95% CI

Costs of Tuberculosis at Treatment Centers, Canada

6.1-10.6) than DS TB (Table 3; univariable regression
results [Appendix Table 9]). When we excluded TB
infection from multivariable regression and included
clinical characteristics (Appendix Table 10), adjusted
cost ratios were reduced for isoniazid-resistant TB
(1.3 [95% CI 1.1-1.7]) and MDR TB (3.6 [95% CI 2.6-
5.1]). Estimates were not substantially different when
we excluded persons who did not complete treatment
(Appendix Table 11).

TB Infection
Overall, we included 90 persons treated for TB infec-
tion (30 at each center) (Table 1). Of these persons, 53

Table 1. Characteristics of patients initiating treatment for different forms of TB at 3 treatment centers, Canada, July 2010—June 2016*

No. (%)

Characteristic TB infection,n =90 DS TB, n =90 INHRTB, n =71 MDR TB, n = 62
TB treatment center, province

British Columbia Centre for Disease Control 30 (33) 30 (33) 30 (42) 11 (18)

West Park Healthcare Centre, Ontario 30 (33) 30 (33) 27 (38) 45 (73)

Montreal Chest Institute, Quebec 30 (33) 30 (33) 14 (20) 6 (9)
Year of treatment initiation

2010-2011 0(0) 0(0) 12 (17) 10 (16)

2012-2013 1(1) 0(0) 13 (18) 19 (31)

2014 15 (17) 1(1) 20 (28) 15 (24)

2015 42 (47) 57 (64) 22 (31) 13 (21)

2016 32 (35) 32 (35) 4 (6) 5(8)
Age

Median (IQR) age, y 36 (31-49) 43 (30-62) 44 (31-61) 32 (27-47)
Sex

F 55 (61) 50 (56) 38 (54) 34 (55)

M 35 (39) 40 (44) 33 (46) 28 (45)
Nativity

Born in Canada 11 (12) 10 (11) 9(13) 5(8)

Born outside Canada 79 (88) 80 (89) 62 (87) 57 (92)
HIV status

Positive 0 1(1) 0(0) 1(2)

Negative 33 (37) 69 (77) 12 (17) 59 (95)

Unknown 57 (63) 20 (22) 59 (83) 2(3)
Diabetes

Has diabetes 12 (13) 13 (14) 10 (14) 10 (16)

Does not have diabetes 74 (82) 75 (83) 60 (85) 52 (84)

Unknown 4 (4) 2 (2) 1(1) 0
Hospitalization Information

Hospitalized 0 46 (51) 47 (66) 60 (97)

Median (IQR) duration, d NA 24 (9-36) 23 (17-69) 99 (66-159)
Treatment information

Median (IQR) duration, mo 5.8 (4.0-9.0) 8.9 (6.1-9.6) 11.7 (9.1-16.7) 21.2 (20.0-24.7)

Had to stop >1 drug because of adverse event 7 (8) 38 (42) 29 (41) 52 (84)

Median (IQR) drugs stopped because of adverse 0 (0-0) 0 (0-1) 0 (0-1) 2 (1-3)

event
Cure or treatment complete 77 (86) 83 (92) 63 (89) 49 (79)
Incomplete treatment 13 (14) 7(8) 8 (11) 13 (21)
Clinical characteristics

Pulmonary TB only NA 68 (76) 51(72) 47 (76)

Extrapulmonary TB NA 22 (24) 20 (28) 15 (24)

AFB smear positive NA 47 (52) 35 (49) 22 (35)

Cavities on chest x-ray NA 30 (33) 21 (30) 15 (24)
Public health characteristics

Used directly observed therapy NA 32 (36) 33 (46) 54 (86)

Mean (range) no. contacts NA 4 (0-30) 8 (0—224) 4 (0-97)

*Data are no. (%) except as indicated. AFB, acid-fast bacilli; DS, drug-susceptible; INHR, isoniazid-resistant; IQR, interquartile range; MDR, multidrug-

resistant; NA, not applicable; TB, tuberculosis.
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Table 2. Total costs and component costs of managing different forms of TB at 3 treatment centers, Canada, July 2010—-June 2016*

Cost, in 2020 Canadian dollars

Characteristic TB infection, n = 90 DS TB, n =90 INHRTB, n =71 MDR TB, n = 62
Median (IQR) costst
Total costs 804 (587-1,205) 12,148 (4,388-24,842) 19,319 (7,117-41,318) 119,014 (80,642-164,015)
Diagnosis 267 (217-376) 701 (526-1,026) 819 (657-1,049) 1,083 (925-1,331)
Treatment 521 (377-771) 2,145 (1,614-3,187) 2,864 (2,263-3,919) 61,426 (29,840-108,703)
Posttreatment monitoring 0 (0-0) 139 (28-283) 130 (39-195) 193 (39-341)
Hospitalization 0 (0-0) 2,600 (0-15,524) 10,400 (0-27,227) 41,216 (35,178-55,766)
Associated with public 0 (0-0) 3,174 (632-5,232) 2,885 (1,111-6,174) 6,399 (4,657-6,798)
health interventions
Mean costst
Total costs 917 15,772 32,343 131,780
Diagnosis 308 789 860 1,233
Treatment 587 2,585 4,641 74,709
Posttreatment monitoring 22 181 166 243
Hospitalization 0 8,587 19,963 48,791
Associated with public 0 3,630 6,713 6,804

health interventions

*AFB, acid-fast bacilli; DS, drug-susceptible; INHR, isoniazid-resistant; IQR, interquartile range; MDR, multidrug-resistant; TB, tuberculosis.
TComponent values may not sum to the total cost value because of use of medians.
FComponent values may not sum to the total cost value because of rounding.

(59%) initiated 9 months of isoniazid, 35 (39%) initi-
ated 4 months of rifampin, and 2 (2%) initiated isonia-
zid and rifampin (Appendix Tables 12, 13).

Approximately two-thirds of costs for TB infec-
tion were associated with treatment (Figure); abso-
lute treatment costs were correlated with duration
(Appendix Table 13). Persons initiating an isoniazid-
containing regimen had overall costs 1.3-times (95%
CI 0.98-1.7) higher than persons initiating a rifampin-
only regimen (Table 3).

DS TB Disease

We included 90 persons treated for DS TB disease
(30 at each center) (Table 1). Approximately half (46
[51%]) were hospitalized for a median duration of
24 (IQR 9-36) days. The median duration of treat-
ment was 8.9 (IQR 6.1-9.6) months; treatment was
shorter for persons who were smear-negative and
without cavities (6.6 months [IQR 6.1-9.1]) com-
pared with persons who were smear-positive or

had cavities, or both (9.1 months [IQR 6.4-10.0])
(Appendix Table 14).

More than half the cost of DS TB disease manage-
ment was related to hospitalization, whereas approxi-
mately one third reflected contact investigations and
DOT administration (Figure). Costs of managing DS
TB disease were much lower at MCI (median $4,987)
thanat WPHC ($13,328) and BCCDC ($15,201), largely
because of variation in disease severity and attendant
differences in hospitalization among persons treated
at these centers (Appendix Table 14). Costs were 3.7
(95% CI1.9-7.4) times higher for persons hospitalized
for >2 months compared with persons not hospital-
ized at all or hospitalized <2 months (Table 3).

Isoniazid-Resistant TB Disease

We included 71 persons treated for isoniazid-resis-
tant TB disease (30 at BCCDC, 27 at WPHC, and 14
at MCI) (Table 1). Of those, 47 (66%) were hospital-
ized, with median duration 23 (IQR 17-69) days. The

Figure. Relative contribution of each cost category to overall cost of managing different forms of TB at 3 treatment centers, Canada,
July 2010-June 2016. DOT, directly observed therapy; DS, drug-susceptible; INHR, isoniazid-resistant; MDR, multidrug-resistant;
TB, tuberculosis.
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median treatment duration was 11.7 (IQR 9.1-16.7)
months and varied substantially by TB treatment
center (Appendix Table 15). Fifty-four (76%) persons
received regimens containing a fluoroquinolone,
and 8 (11%) received a second-line injectable (Ap-
pendix Table 15).

Over 60% of costs associated with isoniazid-
resistant TB disease were because of hospitalization
(Figure). Treatment was shortest and costs lowest
at MCI (median duration 8 months; median cost
$6,504) and treatment longest and costs highest at
WPHC (median duration 17.6 months; median cost

Costs of Tuberculosis at Treatment Centers, Canada

$34,400). Costs were 3.2 (95% CI 2.1-4.7) times high-
er for persons hospitalized >2 months compared
with patients not hospitalized at all or hospitalized
<2 months (Table 3).

MDR TB Disease

We included 62 persons treated for MDR TB disease
(11 at BCCDC, 45 at WPHC, and 6 at MCI) (Table 1).
Of these, 2 (3%) had additional fluoroquinolone re-
sistance, 6 (10%) had additional resistance to a sec-
ond-line injectable, and 4 (6%) had both. Nearly all
(60 [97%]) were hospitalized for a median duration

Table 3. Multivariable analysis of characteristics associated with increasing or decreasing costs of managing different forms of TB at 3

treatment centers, Canada, July 2010-June 2016*

Cost ratio (95% CI)

Characteristic All patients, n =313 TB infection, n = 90 DS TB, n =90 INHRTB,n=71 MDRTB, n =62
TB type

DS TB Referent NA NA NA NA

TB infection 0.09 (0.07-0.11) NA NA NA NA

INHR TB 1.7 (1.3-2.1) NA NA NA NA

MDR TB 8.1 (6.1-10.6) NA NA NA NA
Age group, y

<40 Referent Referent Referent Referent Referent

>40 0.97 (0.8-1.2) 1.3 (1.1-1.5) 0.9 (0.6-1.3) 1.2 (0.9-1.6) 0.9 (0.7-1.1)
Sex

F Referent Referent Referent Referent Referent

M 0.9 (0.8-1.1) 0.99 (0.8-1.2) 0.8 (0.6-1.1) 1.01 (0.8-1.4) 0.98 (0.8-1.3)
HIV

HIV-negative or unknown Referent NAT Referent NAT NAT

HIV-positive 1.8 (0.6-5.4) NAT 11.9 (2.7-52.0) NAT NAt
Diabetes

No diabetes or unknown NAT NAt NAt Referent NAt

Has diabetes NAF NAt NAt 1.4 (0.9-2.2) NAt
Adverse events causing drug stop

None Referent NAT Referent Referent NAT

Because of >1 drug 1.4 (1.1-1.7) NAt 1.5 (1.03-2.0) 1.2(0.9-1.7) NAt
Hospitalization

None or <2 mo NA NA Referent Referent Referent

>2 mo NA NA 3.7 (1.9-7.4) 3.2(2.1-4.7) 1.5 (1.1-2.0)
AFB smear

Negative or unknown NA NA Referent Referent Referent

Positive NA NA 1.5 (0.98-2.2) 1.3 (0.9-1.7) 1.02 (0.8-1.3)
Cavities on chest radiograph

No or unknown NA NA Referent NAZT Referent

Yes NA NA 1.2 (0.8-1.8) NAT 1.3 (0.96-1.8)
TB location

Pulmonary only NA NA Referent NAt NAt

Extrapulmonary involvement NA NA 0.7 (0.5-1.1) NAT NAt
No. contacts

Per additional contact NA NA 1.05(1.02-1.08)  1.02 (1.01-1.02) 1.01 (0.99-1.01)
Received DOT

No NA NA NAt Referent Referent

Yes NA NA NAt 2.0 (1.2-3.3) 0.8 (0.5-1.3)
TB infection regimen

Mono-rifampin NA Referent NA NA NA

Isoniazid-containing NA 1.3 (0.97-1.7) NA NA NA
MDR TB resistance pattern

MDR TB NA NA NA NA Referent

Fluoroquinolone-resistance, NA NA NA NA 1.4 (1.02-2.0)

SLI resistance, or both

*AFB, acid-fast bacilli; DOT, directly observed therapy; DS, drug-susceptible; INHR, isoniazid-resistant; IQR, interquartile range; MDR, multidrug-resistant;

NA, not applicable; SLI, second-line injectable; TB, tuberculosis.
TNo persons living with HIV in patient group.
FNot retained in multivariable model because p>0.2 in univariable analysis.
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Table 4. Duration and costs of drugs used among patients initiating treatment for MDR-TB disease (n = 62) at 3 treatment centers,

Canada, July 2010-June 2016*

No. (%) patients

Median (IQR) duration,

Cost, 2020 Canadian dollars

Drug receiving drug mo Median (IQR) cost per person Mean cost per person
Amikacin 58 (94) 5.1 (2.6-8.2) 4,024 (2,629-8,479) 7,263
Moxifloxacin 58 (94) 19.9 (8-22.4) 809 (318-985) 698
Ethambutol 56 (90) 8.6 (1.1-15.9) 280 (51-637) 382
Pyrazinamide 53 (85) 3.1(0.8-8.8) 217 (50-800) 545
Clofazimine 50 (81) 19.7 (6.8-22.6) Given under compassionate use
Isoniazidt 47 (76) 0.7 (0.4-1.7) 14 (9-35) 44
Para-amino salicylic acid 47 (76) 13.6 (3.2-20.4) 6,609 (1,917-11,411) 7,036
Rifampint 46 (74) 0.7 (0.5-1.3) 15 (9-35) 37
Cycloserine 42 (68) 13.4 (7-20.6) 57,658 (28,942-91,935) 61,590
Ethionamide 40 (65) 11.3 (2.8-19.7) 691 (191-1,304) 785
Linezolid 34 (55) 8.4 (3.5-16.2) 10,057 (4,608-19,023) 12,070
Amoxicillin/clavulanate 20 (32) 14.3 (3.9-18.6) 1,144 (286-1,652) 1,524
Imipenem/cilastatin 14 (23) 6.1 (1.8-7.3) 8,459 (3,244-10,267) 7,855
Levofloxacin 13 (21) 11.4 (6.4-18.2) 330 (69-1,328) 1,022
Clarithromycin 10 (16) 16.8 (3.4-21.8) 2,711 (549-3,531) 2,226
Rifabutin 5(8) 22.9 (22.7-23.7) 13,207 (11,490-13,341) 10,865
Delamanid 4 (6) 3.7 (1.6-6.9) 22,437 (5,616-38,475) 21,654
Azithromycin 3(5) 9.5 (6.8-13.4) 41 (29-3,850) 2,572
Bedaquiline 3(5) 5.5 (3.9-5.5) Given under compassionate use
Meropenem 3(5) 2.1 (1.3-10.2) 21,123 (10,766-75,480) 50,456
Streptomycin 2(3) 0.7 (0.4-1.1) 980 (512-1,448) 980

*IQR, interquartile range.

TStopped when resistance detected if treatment had been started before MDR TB confirmation.

of 99 (IQR 66-159) days. The median treatment dura-
tion was 21.2 (IQR 20.0-24.7) months and was simi-
lar across centers (Appendix Table 16). About half
(34 [55%]) of the patients received linezolid, whereas
few received the newer drugs bedaquiline (3 [5%]) or
delamanid (4 [6%]) (Appendix Tables 16, 17).

Costs associated with treatment (56.5%) and hos-
pitalization (37.2%) were the largest cost components
for MDR TB management (Figure). In adjusted anal-
yses, resistance to a fluoroquinolone, a second-line
injectable, or both were associated with 1.4 (95% CI
1.02-2.0) times higher costs (Table 3).

We analyzed median duration and cost of each
medication received (Table 4). Cycloserine was the
most expensive drug, costing a median of $57,658
(IQR $28,942-$91,935) per person. New and repur-
posed drugs (i.e., linezolid, delamanid, and car-
bapenems) were also expensive (median cost range
$8,459-$22,437). Fluoroquinolones and second-line
injectables were less expensive (median cost range
$330-$4,024). Compassionate-use drugs (clofazi-
mine and bedaquiline) did not contribute to costs to
TB programs.

Discussion

At 3 TB treatment centers in Canada, we found costs
of managing TB infection were modest compared
with costs of managing TB disease. For persons with
TB disease, duration of hospitalization and extent of
drug resistance were major drivers of cost. Among
the 3 TB treatment centers, treatment practices varied
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with respect to length of hospital stays and composi-
tion or duration of treatment regimens, perhaps be-
cause of variations in treatment philosophy, isolation
practices, patient profiles, or a combination of these
factors, which resulted in substantial cost differences
between centers.

In 2004, the average health system cost of man-
aging TB disease in Canada was estimated to be
$25,986 per person (6,18). When applying our cost
estimates against the distribution of drug-resistant
TB disease in Canada (2,19), we estimate an average
cost of $17,506. These differences appear to be influ-
enced by variations in study aims and approaches.
The 2004 study aimed to estimate all costs spent on
TB services using a top-down approach, whereas
our study aimed to estimate costs per patient initi-
ated on treatment, largely by using microcosting
approaches. For example, the 2004 study included
costs associated with microbiologic testing of all per-
sons tested for TB disease, not only those ultimately
treated. In contrast, our study included costs associ-
ated with outpatient specialist consultations, addi-
tional tests, and adjunctive medications, which were
not included in the 2004 study.

Direct costs associated with managing MDR TB
disease in Canada appear to be substantially lower
than estimates from the United States for 2005-2007
(20). When inflated and converted to 2020 Canadian
dollars (21), direct costs associated with MDR TB dis-
ease are ~$243,000, or 2.0-fold more expensive than
comparative estimates from this study, whereas costs
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associated with MDR TB with additional resistance
to a fluoroquinolone and second-line injectable are
~$757,000, or 4.5-fold more expensive. These differ-
ences appear almost entirely driven by costs associ-
ated with hospitalization and inpatient care, as op-
posed to outpatient care.

This study highlights managing persons with
evidence of TB infection is less costly than TB dis-
ease, particularly when using 4 months of rifampin
(3 months of weekly isoniazid and rifapentine is not
widely available in Canada). Hospitalization was
a major driver of costs for TB disease; use of com-
munity care to prevent hospitalization may reduce
overall costs (22). From our estimates, the total costs
(including diagnosis, treatment, and posttreatment
monitoring) of using 4 months of rifampin ($671 per
person) for 23 persons with evidence of TB infection
are equivalent to the total costs (including diagnosis,
treatment, posttreatment monitoring, hospitalization,
and public health interventions) of managing 1 per-
son with DS TB disease ($15,771 per person). How-
ever, it is important to also consider costs associated
with identifying persons who would benefit from TB
preventive treatment in specific epidemiologic con-
texts, because these costs will affect the relative cost-
effectiveness of preventive treatment.

Our study focused on persons initiating treat-
ment for TB largely during 2015-2016, but new regi-
mens have since become available. In 2018, the World
Health Organization (WHO) recommended that
persons with MDR TB disease treated with longer
regimens should receive a fluoroquinolone, bedaqui-
line, linezolid, and >1 of clofazimine or cycloserine.
Both clofazimine and bedaquiline are given under
compassionate-use programs in Canada. However, a
course of bedaquiline in Canada could cost $30,000
USD (23), whereas a course of clofazimine would
cost approximately $600 USD (24,25). At these prices,
the overall costs of treatment are unlikely to change,
although regimens should be better tolerated (26).
Shorter MDR TB regimens recommended by WHO
(27) are not widely used in Canada. In 2021, the WHO
conditionally recommended a moxifloxacin- and ri-
fapentine-based 4-month regimen for DS TB disease
(28). Despite a shorter treatment duration, costs are
unlikely to be reduced in Canada because savings
associated with reduced health visits and DOT will
probably be outweighed by higher medication costs
for rifapentine and moxifloxacin (29).

Our study’s first limitation is that costs were only
considered from the health system perspective and
for persons ultimately initiating treatment from the
point when persons underwent diagnostic testing for
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TB. This approach excludes costs associated with pre-
diagnosis healthcare seeking behavior, the long-term
financial impacts associated with TB disease, and
other patient costs such as lost income, travel, and
childcare, which may be substantial (30-32). The TB
treatment centers included in this study were priori-
tized so as to obtain robust estimates of the costs of
treatment for drug-resistant TB disease; the 3 centers
treated ~60% of all MDR TB disease in Canada dur-
ing the study period (33). Other forms of TB managed
at the same centers allowed for instructive compari-
sons. We only could capture information contained in
patient charts. Most notably absent were interactions
with the health system before diagnosis, which may
lead to an underestimation of costs. DOT for TB dis-
ease was rarely used at BCCDC and MCI. Costs asso-
ciated with public health interventions are likely to be
higher at centers performing routine, daily DOT. Al-
though we conducted microcosting to estimate true
resource use where possible, we had to use top-down
approaches for some costs, which may overestimate
true resource use. Last, not all costs were available at
all centers, and imputed costs for some centers may
not be precise, although cost imputation was rare.

A key strength of our study is the comprehensive
nature of data collection with respect to healthcare
utilization and associated costs, which permitted mi-
crocosting of many aspects of TB care and attendant
insight into cost drivers and predictors. An additional
strength is the separate estimation of costs for drug-
resistant TB disease, including isoniazid-resistant and
MDR TB, all managed in the same centers, filling a
major data gap in Canada.

In summary, costs of managing TB disease in-
creased substantially with drug resistance and were
highest among persons hospitalized for >2 months;
the costs of managing TB infection were comparative-
ly much smaller. Because TB rates remain stagnant in
Canada, these data will be useful for policymakers
considering TB prevention and care interventions to
support the overall goal of TB elimination.
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Detection of Endosymbiont
Candidatus Midichloria
mitochondrii and Tickborne

Pathogens

IN Humans

Exposed to Tick Bites, Italy

Giovanni Sgroi," Roberta latta,' Piero Lovreglio, Angela Stufano, Younes Laidoudi,
Jairo Alfonso Mendoza-Roldan, Marcos Antonio Bezerra-Santos, Vincenzo Veneziano,
Francesco Di Gennaro, Annalisa Saracino, Maria Chironna, Claudio Bandi, Domenico Otranto

During 2021, we collected blood and serum samples
from 135 persons exposed to tick bites in southern Italy.
We serologically and molecularly screened for zoonotic
tickborne pathogens and only molecularly screened for
Candidatus Midichloria mitochondrii. Overall, 62 (45.9%)
persons tested positive for tickborne pathogens. Coxiella
burnetii was detected most frequently (27.4%), along with
Rickettsia spp. (21.5%) and Borrelia spp. (10.4%). We
detected Candidatus M. mitochondrii DNA in 46 (34.1%)
participants who had statistically significant associations
to tickborne pathogens (p<0.0001). Phylogenetic analy-
sis of Candidatus M. mitochondrii sequences revealed 5
clades and 8 human sequence types that correlated with
vertebrates, Ixodes spp. ticks, and countries in Europe.
These data demonstrated a high circulation of tickborne
pathogens and Candidatus M. mitochondrii DNA in per-
sons participating in outdoor activities in southern Italy.
Our study shows how coordinated surveillance among
patients, clinicians, and veterinarians could inform a One
Health approach for monitoring and controlling the circu-
lation of tickborne pathogens.

Hard ticks (Acarina: Ixodidae) represent a major
public health issue worldwide and are vectors of
a broad range of viruses, bacteria, and parasites of hu-
man and veterinary concern (1). Tickborne diseases are
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increasing globally (2), and several zoonotic tickborne
pathogens, such as Coxiella burnetii, Rickettsia spp., and
Borrelia burgdorferi sensu lato complex, are emerging or
re-emerging in animals and humans (3,4).

Wild animals are increasingly becoming syn-
anthropic, and urbanization of wildlife could bring
them into contact with humans, as recently observed
during the COVID-19 lockdown in Chile, when
sightings of several animal species not previously
seen in cities were reported in urban settlements (5).
Wildlife movement into areas of human habitation
could contribute to higher circulation of ticks, tick-
borne pathogens, and other zoonotic agents in sub-
urban and rural areas (6). However, because of the
scant notifications of tickborne diseases, limited data
are available on ticks and tickborne pathogens circu-
lating in human populations (7).

Because Italy is highly suited to outdoor activi-
ties such as camping, gardening, hiking, farming, and
forestry work, the risk for tick bites among humans
is likely high in suburban and rural environments,
especially in southern regions where several species
of Ixodes ticks have been recorded (7,8). Indeed, high
seroprevalences for Rickettsia spp. (8.0%) and B. burg-
dorferi s.1. complex (7.5%) have been reported in for-
estry workers, farmers, and livestock breeders in the
central-southern regions of Italy (9). Studies focused
on humans exposed to tick bites in southern Italy also
reported high seroprevalence for C. burnetii (16.0%)
and spotted fever group rickettsiae (4.8%) that par-
alleled molecular detection of the same pathogens in
ticks collected from the environment and infested rep-
tiles (4). Those data emphasize the importance of wild

"These authors contributed equally to this article.
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animals as reservoirs of tickborne pathogens. Among
categories of persons at risk for tickborne pathogen
infections, hunters are more likely to be infected than
hikers or forestry workers (10); high seroprevalence
for Rickettsia spp. was noted in hunters from Germany
(9.1%) (11) and Brazil (14.7%) (12). Also, hunting dogs
are considered sentinels and reservoirs of several in-
fectious and parasitic agents, including ticks and tick-
borne pathogens that can be transmitted to animals
and humans (8,13). Although several epidemiologic
studies have reported circulation of tickborne patho-
gens in animals and humans worldwide, limited data
are available on tick endosymbionts and their role in
the transmission of pathogens or clinical onset of tick-
borne diseases in vertebrate hosts.

For instance, Candidatus Midichloria mitochond-
rii is an intracellular bacterial endosymbiont of ticks,
which is detected inside mitochondria and has high
prevalence in the sheep tick, Ixodes ricinus (14). This
bacterium is vertically transmitted through genera-
tions of I. ricinus ticks, but strong evidence supports
its transmission to vertebrate hosts via a blood meal,
which has been experimentally reported in rabbits
(15). Indeed, high Candidatus M. mitochondrii sero-
prevalence (58%) has been reported in human pa-
tients exposed to . ricinus tick bites (16) and those
affected by Lyme disease (17). Although these re-
sults support the idea that Candidatus M. mitochon-
drii is inoculated into the vertebrate host during the
blood meal of the tick, whether this bacterium is in-
volved in tickborne pathogen transmission remains
unclear. However, screening studies for Candidatus
M. mitochondrii DNA in human blood samples are
lacking, even though DNA has been detected in sev-
eral anthropophilic tick species, such as Rhipicepha-
lus turanicus, Rhipicephalus bursa, and Haemaphysalis
punctata (18); in domestic dogs, sheep, and horses
(19); in wild roe deer (Capreolus capreolus) (20); and
in laboratory rabbits (15).

We aimed to assess the occurrence of zoonotic
tickborne pathogens in persons exposed to tick bites
and living in suburban and rural areas of southern
Italy. In addition, we investigated the presence and
the potential involvement of Candidatus M. mitochon-
drii in tickborne pathogen infections.

Methods

Study Area

The study was conducted in 3 regions of southern
Italy, Apulia, Basilicata, and Campania, which are
surrounded by the Adriatic, Ionian, and Tyrrhe-
nian Seas. These regions are characterized by a
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typical Mediterranean temperate climate and have
progressively continental features including inland
and mountainous landscapes.

Sampling
During February-December 2021, we collected blood
and serum samples from 135 persons exposed to tick
bites by using 10 mL BD Vacutainer EDTA Blood
Collection Tubes and 5 mL BD Vacutainer Serum-
separating Tubes (Beckton Dickenson, https:/ /www.
bd.com). For each participant, we used a detailed an-
amnestic form to collect data on patient age, sex, par-
ticipation in outdoor activities (i.e., hiking, hunting,
camping, gardening, farming, or forestry work), geo-
graphic origin of tick bite, and post-bite clinical find-
ings ascribable to tickborne diseases. All samples were
kept at +4°C in portable refrigerators and delivered to
the Departments of Biomedical Science and Human
Oncology and Veterinary Medicine, University of Bari
(Bari, Italy), for serologic and molecular analyses.
This study was conducted in accordance with eth-
ical principles of the Declaration of Helsinki. Patients
provided written informed consent after they were
fully informed about the research aims and features.
The research was approved by the ethics committee
of the University Hospital of Bari Aldo Moro (ltaly)
(approval no. 6394, protocol no. 0044469-23062020).

Serologic Assays

We screened all serum samples for pathogen-specific
IgG by using indirect chemiluminescent immunoas-
says, Coxiella burnetii VirCLIA 1gG, Rickettsia cono-
rii VirCLIA IgG, and Borrelia VirCLIA IgG (Vircell,
https:/ /en.vircell.com). Results were expressed by
antibody concentration index, which we calculated as
the ratio between the sample and calibrator relative
light units and interpreted according to the manufac-
turer’s instructions.

The C. burnetii 1gG test showed a sensitivity of
90%, specificity of 100%, positive predictive value of
100%, and negative predictive value of 96%. The R.
conorii IgG test showed sensitivity of 100%, specificity
of 100%, positive predictive value of 100%, and nega-
tive predictive value of 100%. The Borrelia 1gG test
showed sensitivity of 89%, specificity of 98%, posi-
tive predictive value of 97%, and negative predictive
value of 92%.

DNA Extraction, PCR, and Phylogenetic Analysis

We used the QIAampDNA Blood & Tissue Kit (QIA-
GEN, https://www.qiagen.com) to extract DNA
from blood samples, according to the manufacturer’s
instructions, and tested for tickborne pathogens and
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Candidatus M. mitochondrii. In all PCR runs, we
used sterile water as the negative control and used
the following as positive controls: Anaplasma phago-
cytophilum and Candidatus M. mitochondrii for PCR
targeting 165 rRNA gene; C. burnetii for IS1111a and
Borrelia lusitaniae for Flagellin from I. ricinus ticks; and
Rickettsia raoultii for gltA from a Dermacentor margin-
atus tick specimen (Table 1) (21-24). All ticks used
were previously collected from animals or humans in
the same study area.

We placed PCR products on 2% agarose gel
stained with GelRed Nucleic Acid Gel Stain (Biotium-
VWR International, https://us.vwr.com) and visu-
alized products on a Gel Logic 100 Digital Imaging
System (Kodak, https:/ /www.kodak.com). We then
purified amplicons and sequenced in both directions
by using the same primers we used for PCR and by
using the BigDye Terminator v3.1 Cycle Sequencing
Kit (Thermo Fisher Scientific, https://www.ther-
mofisher.com) in a 3130 Genetic Analyzer (Applied
Biosystems/Thermo Fisher Scientific). We edited
and analyzed sequences by using Geneious version
9.0 (https://www.geneious.com) and compared the
obtained sequences with available sequences in the
GenBank database by using BLAST (http://blast.
ncbi.nlm.nih.gov/ Blast.cgi).

We used MAFFT version 7.490 (25) to align the
165 rRNA gene sequences obtained from human
blood samples against 123 available Midichloria genus
entries in GenBank, including a sequence type from
I. ricinus (accession no. MZ954838) previously found
in the study area (8). We then trimmed sequences by
using TrimAL version 1.4 revision 15 (26). We split
the multisequence alignment (MSA) file into 2 parti-
tions: a reference sequence alignment (RefMSA) con-
taining 1 reference sequence for each sequence type
(38 sequences with 202 nucleotide sites) and a query
sequence alignment containing the remaining 115 se-
quences. We created a maximum-likelihood phyloge-
ny on the RefMSA by using IQ-TREE multicore version
1.6.12 (27) under 1,000 ultrafast bootstrap replications
(28). We selected the Kimura 3-parameter model with

empirical frequencies plus regression (TPM3+F+R2)
model in ModelFinder (29), which we implemented
as function in the IQ-TREE computation. We used the
DNA sequence of Lariskella endosymbiont of Curculio
okumai beetles (GenBank accession no. AB746416) as
an outgroup. To assess the species diversity among the
genus Midichloria, we performed a multi-rate Poisson
tree processes on the maximume-likelihood tree by us-
ing mPTP version 0.2.4_osx_x86_64 (30). We used an
accurate phylogenetic placement based on the least
squares method (31) to place the query sequences on
the maximume-likelihood tree. In brief, we subjected
the maximum-likelihood tree generated by IQ-TREE
to branch length correction using FastTree 2 software
(http:/ /www.microbesonline.org/fasttree). We then
used the corrected tree backbone, the RefMSA, and
query sequence alignments to generate the phyloge-
netic placement by using APPLES version 2.0.6 (31).
Finally, we used the result of species delimitation and
informative alignment to annotate the final tree by us-
ing iTOL version 5 (32). We performed Pearson corre-
lation to assess the relationship between phylogenetic
clades of Midichloria sequences and their host or isola-
tion source and geographic origin. We performed all
analyses on RStudio software (33).

Statistical Analysis
We established exact binomial 95% CI for the preva-
lence values found. We used a x?test to assess statisti-
cal differences of prevalence of tickborne pathogens
with age, sex, outdoor activity, and geographic ori-
gin of tick bite of the enrolled patients. We consid-
ered p<0.05 statistically significant. We calculated the
odds ratio (OR) to assess the infection risk according
to several participant variables. We used a x value
formula to compare serologic and molecular methods
and considered risk agreement poor at 0-20%, fair at
21%-40%, moderate at 41%-60%, strong at 61%-80%,
and perfect at 81%-100%.

We used Epitools Epidemiologic Calculators soft-
ware (34) to calculate 95% CI, x? p value, OR, and x
values. We used QGIS3 version 3.10.2 with GRASS

Table 1. Bacteria investigated by molecular methods in a study on the relationship between endosymbiont Candidatus Midichloria
mitochondrii and tickborne pathogens in humans exposed to tick bites, Italy, 2021

Base
Tickborne bacteria Target gene  Primers Sequence, 5' > 3’ pairs  Reference
Coxiella burnetii 1IS1111a Trans1 TATGTATCCACCGTAGCCAGT 687 (21)
Trans2 CCCAACAACACCTCCTTATTC
Rickettsia spp. gltA CS 78F GCAAGTATCGGTGAGGATGTAAT 401 (22)
CS 323R  GCTTCCTTAAAATTCAATAAATCAGGAT
Borrelia burgdorferi sensu lato complex Flagellin FLA1 AGAGCAACTTACAGACGAAATTAAT 482 (23)
FLA2 CAAGTCTATTTTGGAAAGCACCTAA
Anaplasmataceae 16S rRNA  EHR 16SD GGTACCYACAGAAGAAGTCC 345 (24)
EHR 16SR TAGCACTCATCGTTTACAGC
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7.8.2 (QGIS Project, https:/ / www.qgis.org) to map the
distribution of participants who were positive for tick-
borne pathogens and Candidatus M. mitochondrii in the
administrative boundaries of the regional study area.

Results

Among 135 participants, 47.4% (64/135) reported
having been bitten by ticks in the last year, and 62
(45.9%, 95% CI 37.7%-54.3%) tested positive for >1
tickborne pathogen, 54 (40.0%, 95% CI 32.1%-48.4%)
by serologic methods and 20 (14.8%, 95% CI 9.8%-
21.8%) by molecular methods. We identified C. bur-
netii from 37 (27.4%) participants, Rickettsia spp. from
29 (21.5%), and Borrelia spp. from 14 (10.4%). We se-
rologically detected tickborne pathogen co-infections
in 14 (10.4%) participants, most of whom had C. bur-
netii-Rickettsia spp. coinfection. We detected co-infec-
tion by molecular methods in 1 (0.7%) case-patient
who had R. raoultii-B. lusitaniae coinfection.

Nine persons were positive for the same patho-
gen by both diagnostic tools; 4 were positive for C.
burnetii, 4 for R. raoultii, and 1 for B. lusitaniae. We
noted strong agreement between serologic and mo-
lecular results (x = 63.0%) (Table 2).

Among the 62 participants who tested positive
for tickborne pathogens, 31 (50.0%) reported a local-
ized reaction (i.e., edema and redness) at the tick bite
site, among whom 13 (20.6%) displayed >1 clinical
sign ascribable to tickborne pathogen infections (Ta-
ble 3). We noted a statistically significant association
between the occurrence of tickborne pathogens and
administrative region among patients living in Basili-
cata, suggesting this area could have higher levels of
tickborne pathogens (Table 4).

We detected Candidatus M. mitochondrii DNA in
46 (34.1%, 95% CI 26.6%-42.4%) participants, among
whom 11 tested negative for tickborne pathogens
and 35 tested positive for >1 tickborne pathogen.
The 35 participants who tested positive for tickborne
infections and Candidatus M. mitochondrii DNA
represented 18/54 (33.3%, 95% CI 22.2%-46.6%) of

Candidatus Midichloria mitochondrii in Humans

participants whose infections were detected sero-
logically and 17/20 (85.0%, 95% CI 63.9%-94.7%) of
participants whose infections were detected molec-
ularly. Candidatus M. mitochondrii was statistically
associated with each pathogen found (i.e., C. bur-
netii, R. raoultii, and B. lusitaniae) (Table 5; Figure 1).
No clinical signs were reported in persons infected
by Candidatus M. mitochondrii and we saw no sta-
tistically significant difference in the clinical signs
between subjects who tested positive for tickborne
pathogens and those who were positive for both
tickborne pathogens and Candidatus M. mitochond-
rii (x> = 0.9, p = 0.342). A single case of Candidatus
Wolbachia inokumae was molecularly detected in a
participant infected by B. lusitaniae.

Consensus sequences of all bacteria species we de-
tected displayed 99%-100% nucleotide identity with
sequences available in the literature. We submitted
sequences to GenBank under the following accession
numbers: ON227500 for C. burnetii, ON228179 for R.
raoultii, ON237925 for B. lusitaniae, OM982495-2502
for M. mitochondrii, and OM983334 for W. inokumae.

Phylogenetic analysis of the partial 16S rRNA
gene revealed 8 sequence types and the existence of 5
distinct clades (clades A-E); the Candidatus M. mito-
chondrii sequence types we obtained belonged clade
A (Figure 2). Pearson correlation (r) showed that Can-
didatus M. mitochondrii clade A was significantly
correlated with vertebrate hosts (r = 0.32), Ixodes spp.
ticks (r = 0.21), and countries in Europe (r = 0.46);
clade B with Hyalomma ticks (r = 0.4) and Argasidae
ticks (Ornithodoros spp.) (r = 0.36) and Africa (r = 0.48);
clade C with Ixodes spp. ticks (r = 0.46); and clades D
and E with marine sources (v = 0.57) (Appendix Fig-
ure, https://wwwnc.cdc.gov/EID/article/28/9/22-
0329-Appl.pdf).

Discussion

We report a high serologic and molecular prevalence
of infection by zoonotic tickborne bacteria in humans
exposed to tick bites in rural areas of southern Italy.

Table 2. Serologic and PCR findings for tickborne pathogens in humans exposed to tick bites, Italy, 2021*

Serology PCR
Tickborne pathogens No. patients % Patients (95% CI)T No. patients (%) % Patients (95% CI)t
Single infections
Coxiella burnetii 21 15.6 (10.4-22.6) 7 5.2 (2.5-10.3)
Rickettsia raoultii 14 10.4 (6.3-16.7) 6 4.4 (2.0-9.4)
Borrelia lusitaniae 5 5(1.6-8.4) 6 4.4 (2.0-9.4)
Co-infections
Coxiella burnetii, Rickettsia spp. 11 11 (4.6-14.0) NA NA
Coxiella burnetii, Borrelia spp. 2 2 (0.4-5.2) NA NA
Rickettsia raoultii, Borrelia lusitaniae 1 1(0.1-4.1) 1 0.7 (0.1-4.1)
Total 54 54 (32.1-48.4) 20 14.8 (9.8-21.8)

*Based on 135 persons tested. NA, not applicable
tExact binomial 95% CI.
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Table 3. Clinical findings in 13 patients tested positive for tickborne pathogens, Italy, 2021*

Patient Clinical findings

no. Tickborne pathogens detected Rash Axillary lymphadenomegaly Fever Myalgia Headache
1 Rickettsia raoultii* N Y N N N
2 Rickettsia spp.t N N N N Y
3 Coxiella burnetiit N Y Y Y N
4 Borrelia lusitaniae* N N Y Y N
5 Borrelia spp.t N N Y Y N
6 Rickettsia spp.t N Y Y Y N
7 Rickettsia spp.t N N Y N N
8 B. lusitaniae* N N Y Y N
9 Rickettsia spp.t N N Y Y Y
10 Rickettsia spp.t N N Y Y N
11 C. burnetiit N Y N N N
12 Borrelia spp.T, Rickettsia spp.t, B. lusitaniae® Yt N Y N N
13 R. raoultii* Y§ N N N N

*Pathogen detected by PCR.
tPathogen detected by serology.
FMaculopapular rash.
§Erythematous macular rash.

In addition, we noted an association between Candi-
datus M. mitochondrii and tickborne pathogens in hu-
mans, suggesting that this tick endosymbiont might
be involved in these infections.

The finding of C. burnetii as the most represen-
tative tickborne pathogen in humans from southern
Italy is a public health concern because prevalence
of this bacterium in hard ticks is much higher in the
Mediterranean Basin than in other areas of Europe
(35). However, the high (27.4%) overall serologic
and molecular prevalence we obtained contrasts
with the low (0.5%) rate of molecular detection of
the bacterium in ticks collected on citizens in the
same study area (8). This finding suggests inhala-
tion of contaminated aerosols, not tick bites, might
be the main route of pathogen transmission among
the study participants (36).

Detection of R. raoultii is relevant because this
pathogen is considered an emerging spotted fever

group rickettsiae among humans (37,38). Although
no patient in our study showed the scalp eschar and
neck lymphadenopathy that are typical clinical signs
for differential diagnosis (39), the difference in clini-
cal features might be dependent on the site of the tick
bite on a person’s body (40).

Detection of B. lusitaniae in persons frequenting
rural environments of southern Italy confirms the cir-
culation of this zoonotic genospecies, which previous-
ly was reported in different hosts, such as the Italian
wall lizard (Podarcis siculus) (41) and red foxes (Vulpes
vulpes) (42), and in I. ricinus ticks collected on humans
from the same study area (8). The human pathogenic
role of B. lusitaniae has not been completely clarified,
but the finding of erythematous macules from positive
patients examined in this study is of clinical relevance
because these skin lesions could cause chronic or long-
lasting injuries associated with infiltration of the local
subcutaneous tissues (43). In addition, co-infections

Table 4. Characteristics of persons tested by serology and PCR for tickborne pathogens in humans exposed to tick bites, Italy, 2021*

Serologyt PCR*t
No. positive/no. p No. positive/no. p
Characteristics tested % Positive (95% CI) value X? tested % Positive (95% CI) value X2
Age range, y 0.396 0.7 0.614 0.2
25-49 22/61 36.1 (25.2-48.6) 8/61 13.1 (6.8-23.8)
50-68 32/74 43.2 (32.6-54.6) 12/74 16.2 (9.5-26.2)
Sex 0.396 0.7 0.120 24
M 43/112 38.4 (29.9-47.6) 19/112 17.0 (11.1-25.0)
F 11/23 47.8 (29.2-67.0) 1/23 4.3 (0.7-21.0)
Outdoor activity 0.990 0.1 0.190 4.7
Farming 7/18 38.4 (20.3-61.4) 118 5.6 (1.0-25.7)
Hunting 26/65 40.0 (29.0-52.1) 9/65 13.8 (7.5-24.3)
Camping, gardening 12/31 38.7 (23.7-56.2) 8/31 25.8 (13.7-3.2)
Hiking, forestry work 9/21 42.9 (24.5-63.4) 2/21 9.5 (2.6-28.9)
Administrative region 0.030 6.9 0.002 12.3
Apulia 8/36 22.2 (11.7-38.1) 2/36 5.6 (1.5-18.1)
Basilicata 17/33 51.5 (35.2-67.5) 11/33 33.3 (19.7-50.4)
Campania 29/66 43.9 (32.6-55.9) 7/66 10.6 (5.2-20.3)
Total 54/135 40.0 (32.1-48.4) 20/135 14.8 (9.8-21.8)

*Number and percentage of patients testing positive out of the total number

examined for each category.

tExact binomial 95% Cl is given; X2 and p values are given for each category.
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Table 5. Tickborne pathogens and Candidatus Midichloria mitochondrii detected in humans exposed to tick bites, Italy, 2021*

Tickborne pathogens No. patients Candidatus M. mitochondrii, no.t % Patients (95% Cl)} X2 p value OR
Coxiella burnetii 7 6 85.7 (48.7-97.4) 8.8 0.003 13.2
Rickettsia raoultii 6 5 83.3 (43.6-97.0) 6.9 0.008 11.0
Borrelia lusitaniae 6 5 83.3 (43.6-97.0) 6.9 0.008 11.0
R. raoultii-B. lusitaniae 1 1 NA NA NA NA
Total 20 17 85.0 (63.9-94.7) 26.0 .001 16.1

*NA, not applicable; OR, odds ratio.

TNumber and percentage of patients positive for tickborne pathogens and Candidatus M. mitochondrii.

FExact binomial 95% CI.

in this human population and in ticks previously col-
lected from citizens of the same study area (8), indi-
cate that multiple pathogens could be transmitted by
the same tick specimen and develop in the same host,
complicating the clinical manifestation (7).

Despite the strong agreement (x = 63.0%) in the
comparison between serology and PCR, use of both
serologic and molecular methods is crucial for iden-
tifying all cases of infection (44). Indeed, combining
PCR and serology can be useful for detecting recent
and old infections because PCR is sensitive <2 weeks
of infection and serology is sensitive >2 weeks after
illness onset (17).

The high molecular prevalence (34.1%) of Candi-
datus M. mitochondrii in participants exposed to tick
bites is in accordance with the serologic rate (47.3%)
previously outlined for this endosymbiont in humans
(16), and confirms its role as a candidate tick-bite
marker (17). Thus, because Candidatus M. mitochond-
rii is known to subsist in several hard tick species (18),
its detection in human blood could be a useful tool for

determining exposure to tick bites and to define tick
populations circulating in a certain area. The statistical
association between molecular positivity for tickborne
pathogens and Candidatus M. mitochondrii demon-
strated here suggests a link between endosymbiont
and tickborne pathogen infections in humans, which
was previously established through serologic methods
(16). However, absence of clinical signs or symptoms
in humans testing positive for Candidatus M. mito-
chondrii and the statistically significant difference in
the clinical picture between participants who tested
positive only for tickborne pathogens and those who
tested positive for both tickborne pathogens and Can-
didatus M. mitochondrii, suggests that this bacterium
might be not involved in the onset or overt pathogen-
esis of primary infections. Conversely, the hypothesis
of a potential Candidatus M. mitochondrii-tickborne
pathogen interaction within tick hosts needs further
investigation, as previously demonstrated for this en-
dosymbiont in regulating the growth of R. parkeri in
its competent vector Amblyomma maculatum ticks (45).

Figure 1. Distribution of 17 persons in whom Candidatus Midichloria mitochondrii and tickborne pathogens were detected, Italy,
2021. Inset shows region of interest in southern Italy (green shading). APU, Apulia; BAS, Basilicata; B. lusitaniae, Borrelia lusitaniae;
CAM, Campania; C. burnetii, Coxiella burnetii; R. raoultii, Rickettsia raoultii.
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Our results also highlight the occurrence of 8
Candidatus M. mitochondrii sequence types, sug-
gesting patients were exposed to different tick
species, which reinforces the hypothesis that Can-
didatus M. mitochondrii could be used as candi-
date marker to define the composition of the tick
population biting humans in a certain area (4). In
addition, the clustering of all sequence types into
clade A, as we noted, is relevant for public health
because this clade encompasses endosymbionts as-
sociated with vertebrate hosts, rather than to Ixodes
spp. ticks, and geographic areas of Europe. On the
other hand, the presence of the same Midichloria
genotype within several tick species indicates that
vertebrates might act as ecological arenas for intra-
species and interspecies-specific transmission of
endosymbionts among hard ticks, which was pre-
viously suggested by similar 165 rRNA sequences
in genetically distant tick species (46). Another
phylogenetic study analyzed concatenated loci
of 16S rRNA, and groEL and dnaK gene sequenc-
es, and reported 3 distinct clades (I, 1I, and III) of
Candidatus M. mitochondrii associated with ticks,

indicating the existence of 2 lineages including dif-
ferent tick species and 1 Ixodes genus (47).

Detection of W. inokumae DNA in humans might
be a consequence of exposure to a blood meal by se-
lected phlebotomine sandflies. In fact, W. inokumae
has only been identified in Phlebotomus perniciosus
sand fly specimens from France and Tunisia (48,49),
where it has been indicated as endosymbiont of this
arthropod species in the Mediterranean Basin.

Our data demonstrate a high circulation of tick-
borne pathogens and Candidatus M. mitochondrii
in persons frequenting suburban and rural areas of
southern Italy. Further experimental studies could
clarify the biologic interaction between tickborne
pathogens and Candidatus M. mitochondrii and the
potential role of Candidatus M. mitochondrii in tick-
borne pathogen transmission to mammalian hosts.
The set of 165 rRNA sequences and their cladogenetic
classification we generated could be a useful template
for future studies, especially for futher description of
new Candidatus M. mitochondrii clades.

In conclusion, the survey we describe relies on co-
operation between different stakeholders, including

Figure 2. Maximum-likelihood phylogenic tree of endosymbiont Candidatus Midichloria mitochondrii clades detected with tickborne pathogens
in humans exposed to tick bites, Italy, 2021. The tree corresponds to the IQ-TREE (http://www.igtree.org) inferred from 38 partial (202 bp) DNA
sequences with 28.7% of informative sites by using the Kimura 3-parameter model with empirical frequencies plus regression (TPM3+F+R2)
model under 1,000 bootstrap replicates and maximum-likelihood method. Accession numbers and species name are indicated at the tip of
each branch. Bold blue text indicates sequences amplified in the study area. The tree includes 123 query sequences representing all 16S
rRNA entries from GenBank (blue circles on left) placed at the branch and leaf nodes by using the APPLES algorithm (https://github.com/
balabanmetin/apples). The ClustalX (http://www.clustal.org/clustal2) sequence alignment viewer of the informative sites from the 16S rRNA
alignment and their 50% consensus are shown. Colored column at far right denotes taxonomic annotation; purple indicates clade A, blue
indicates clade B, green indicates clade C, yellow indicates clade D, green indicates clade E, gray indicates outgroup. Ca., Candidatus.

1830

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 28, No. 9, September 2022



patients, clinicians, and veterinarians. This type
of surveillance could be a small step toward a One
Health approach for monitoring and controlling the
circulation of tickborne pathogens in suburban and
rural areas (50).
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Detecting Mycobacterium
tuberculosis Infection in
Children Migrating to Australia

Ingrid Laemmle-Ruff, Stephen M. Graham, Bridget Williams, Danielle Horyniak, Suman S. Majumdar,
Georgia A. Paxton, Lila V. Soares Caplice, Margaret E. Hellard, James M. Trauer

In 2015, Australia updated premigration screening for tu-
berculosis (TB) disease in children 2—10 years of age to
include testing for infection with Mycobacterium tubercu-
losis and enable detection of latent TB infection (LTBI).
We analyzed TB screening results in children <15 years
of age during November 2015—-June 2017. We found
45,060 child applicants were tested with interferon-gam-
ma release assay (IGRA) (57.7% of tests) or tuberculin
skin test (TST) (42.3% of tests). A total of 21 cases of TB
were diagnosed: 4 without IGRA or TST, 10 with posi-
tive IGRA or TST, and 7 with negative results. LTBI was
detected in 3.3% (1,473/44,709) of children, for 30 appli-
cants screened per LTBI case detected. LTBI-associated
factors included increasing age, TB contact, origin from
a higher TB prevalence region, and testing by TST. De-
tection of TB and LTBI benefit children, but the updated
screening program’s effect on TB in Australia is likely to
be limited.

uberculosis (TB) is a leading contributor to the

burden of infectious disease worldwide, causing
>1.2 million deaths in 2019 (1,2). Latent tuberculosis
infection (LTBI), defined as infection with Mycobac-
terium tuberculosis without clinical or radiologic evi-
dence of disease, can be diagnosed with interferon-
gamma release assay (IGRA) or tuberculin skin test
(TST). Estimates suggest one quarter of the global
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population have LTBI, including 97 million children
(<15 years of age) (3). Young children (<5 years of
age) are at particular risk for TB if infected and have
a higher risk for disseminated or severe disease as-
sociated with severe illness and death. TB preven-
tive treatment can reduce progression to disease by
>90% in children with infection, but effectiveness
is greatest if preventive treatment is initiated in
the months immediately after infection, emphasiz-
ing the importance of early detection and treatment
(4,5). Preventive treatment for children usually in-
volves 6 months of isoniazid monotherapy or, less
commonly in Australia, 3 months of rifampin/iso-
niazid combination therapy (4).

Treating LTBI is increasingly recognized as a cru-
cial component of global TB elimination efforts (6).
Reactivation of overseas-acquired LTBI in adult mi-
grants is the main source of TB in low-burden coun-
tries such as Australia (7,8). Decreasing LTBI in mi-
grants is a key means to further reduce TB incidence
(9,10). LTBI is not notifiable in Australia, and local
prevalence estimates vary (11). Recent modeling es-
timates that 17.1% of all overseas-born residents of
Australia, 2.1% of overseas-born children <15 years
of age, and 0.1% of Australia-born children <15 years
of age have LTBI (12).

Clinical assessment and chest radiography have
long been part of premigration TB screening in Aus-
tralia and other high-resource settings (13-15). How-
ever, the systematic inclusion of IGRA and TST in
premigration health assessments is uncommon in-
ternationally and relatively novel in children (16,17).
After the United States and Norway, Australia intro-
duced TB screening using IGRA or TST for children
2-10 years of age on November 20, 2015 (13,18,19).
The intention was “to strengthen screening for active
TB to improve detection of this disease,” which would
“also identify children with LTBI” (20). Previously,
premigration screening of children <11 years of age
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had been limited to medical history and examination
and included chest radiography only in those with
TB contact or where TB was suspected. More broadly,
the updated screening program was “designed to im-
prove public health protections in Australia but also
contribute to global efforts to eliminate TB” (19), re-
flecting an emerging recognition of the public health
potential of premigration health screening (21).

In this cross-sectional study, we aimed to assess
the first 20 months of Australia’s updated premi-
gration TB screening for children. In particular, we
sought to assess the scope of implementation, yield
in detecting TB and LTBI, and impacts on follow-up
requirements after migration. We present numbers
and proportions of children screened, screening re-
sults (TB and LTBI), factors associated with LTBI,
further investigation, and requirements for linkage
to care in Australia.

Methods

The following sections summarize Australia’s pre-
migration health screening program and the dataset.
Further detail is available elsewhere (22).

Screening Program

Migration legislation in Australia requires all per-
manent, provisional, and humanitarian visa appli-
cants, as well as some temporary visa applicants,
to undergo an Immigration Medical Examination
(IME) and meet a health requirement before being
granted a visa (23,24). Premigration health screen-
ing is intended to protect the Australian community
from public health threats, control public expen-
diture on healthcare and services, and safeguard
the access of Australian citizens and permanent
residents to healthcare and services in short supply
(20,24). Applicants cannot be granted a visa if they
have TB, but the health requirement can be met and
a visa granted once TB treatment is complete and the
person is free of TB. An IME involves a medical his-
tory, examination by a physician, and criteria-based
investigations (20,22,23), including criteria for per-
forming IGRA or TST (Table 1). Applicants apply-
ing offshore can be assigned a health undertaking,
which is an agreement requiring follow-up care in
Australia. TB health undertakings (TBHUs) are al-
located to applicants with risk factors for TB, includ-
ing previously treated TB, abnormal chest radiogra-
phy, and positive IGRA or TST results, and reflect a
requirement for linkage to care in Australia in our
analysis. Onshore applicants (with their IME con-
ducted in Australia) are referred for care if required
without a TBHU.

1834

Study Population

The source study population was all permanent and
humanitarian visa applicants to Australia and tempo-
rary applicants intending to stay for >6 months who
completed an IME (onshore or offshore) and met the
health requirement or were granted a waiver during
July 1, 2014-June 30, 2017. Our analysis is restricted
to child applicants (<15 years of age) who completed
an IME during November 2015-June 2017, reflecting
when new screening commenced. Age was available
for analysis in 5-year brackets (0-4, 5-9, and 10-14
years) for privacy reasons. Thus the analysis includes
all children 2-10 years of age but also includes chil-
dren <2 years and 11-14 years who did not meet age-
based screening criteria. Deidentified IME data were
provided by the Australian Department of Home Af-
fairs. The Alfred Hospital Ethics Committee provided
ethics approval (project 320/17).

Variables

Variables were applicant demographics, visa stream,
medical history and examination findings, investiga-
tion type and results, physician-recorded diagnoses,
and allocation of TBHUs. We defined TB as a record-
ed diagnosis of TB by the assessing physician. We de-
fined IGRA or TST positivity as having any IGRA or
TST result recorded as positive in the IME (from op-
tions of positive, negative, and indeterminate). LTBI
was defined as IGRA or TST positivity without a di-
agnosis of TB or previous history of TB.

Bacillus Calmette-Guérin (BCG) vaccination sta-
tus was not available. Data were supplied as categori-
cal variables, based on the menu option selected by
the physician. Because country of birth was not avail-
able for all applicants, a country of origin variable
was derived hierarchically, using (in order, if avail-
able) country of birth, country of travel document, or
country of residence (22).

Statistical Analysis

We described results as absolute numbers and pro-
portions. We used the Fisher exact test to compare
proportions. We noted missing and indeterminate
IGRA and TST results then excluded them from fur-
ther analysis.

We used univariate and multivariable-logistic
regression to identify demographic and clinical fac-
tors associated with LTBI among permanent and
humanitarian visa applicants. Temporary applicants
were excluded from regression analyses because they
were not included in screening criteria unless clinical
risk factors were present. We included variables with
previous evidence of association with LTBI in the
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regression. Exploratory forward regression methods
did not reveal additional variables that substantially
altered results. Specifically, relevant comorbidity
variables were examined but not included because of
negligible prevalence (e.g., among children screened,
14 had diabetes and <5 had HIV). Applicants who
had previously been treated for TB were excluded be-
cause we assumed this history would result in a posi-
tive IGRA or TST without reflecting LTBI. Screened
applicants with missing or inadequate country of ori-
gin were also excluded from regression analyses. We
also performed a sensitivity analysis restricted to ap-
plicants 5-9 years of age (i.e., all within the age range
of new screening criteria).

Results

Participants

During November 2015-June 2017, a total of 134,759
children <15 years of age completed an IME and met
the health requirement (Table 2). Of these, 48.6% were
girls, 46.5% were 0-4 years of age, and 53.9% were
permanent applicants.

Screening Completion
IGRA or TST was completed in 45,060 applicants, rep-
resenting 33.4% of all child applicants (Table 2); 330
children had multiple tests within an application (rea-
sons not available). Of 45,345 tests conducted, IGRA
was the most common testing method (57.7%) in all
age groups: children 0-4 years of age (11,121/18,573
[59.9%]), 5-9 years of age (12,871/22,792 [56.5%]),
and 10-14 years of age (2,179/3,980 [54.7%]). A high-
er proportion of children 5-9 years of age completed
testing than did those in other age groups (p<0.001),
consistent with screening criteria targeting the ages
of 2-10 years. A higher proportion of humanitarian
applicants completed testing compared with other
visa streams (p<0.001); for humanitarian applicants
5-9 years of age (all of whom met criteria), IGRA or
TST was completed for 5,403/5,734 (94.2%) persons.
The largest number of children in whom IGRA
or TST was performed came from Southern and
Central Asia, which had 15,046 applicants tested
(12,288 permanent, 1,854 temporary, and 904 hu-
manitarian), reflecting the most common region of
origin in the largest visa stream (permanent visa
applicants). The North Africa and Middle East re-
gion had the highest proportion of applicants tested
(48.8%), reflecting a predominantly humanitarian
applicant population (819 permanent, 57 tempo-
rary, and 6,105 humanitarian).
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Table 1. Australia premigration TB screening criteria within the
Immigration Medical Examination*
All children completing an IME have a medical history and
physical examination
Either IGRA or TST is required for:
Children 2—10 years of age who are:
Applying for a humanitarian visa
Applying for a permanent visa and from a setting placing
them at higher risk for TBt
Asylum seekers within Australia
Applicants declaring close contact with TB, with signs or
symptoms of TB, or who are immunocompromised (any age
or migration stream)
Applicants with positive IGRA or TST results are required to
have:
Posteroanterior chest radiograph (and lateral in children <11
years of age)
If abnormalities on chest radiograph, or other indication for
further investigation:
Sputum testing and specialist review
Exemptions from IGRA and TST screening:
Written evidence of prior bacteriologically confirmed TB (i.e.,
positive smear or culture from sputum or other specimen) or
a previously positive TST (>10 mm) or IGRA
*Chest radiograph screening for TB is required for all migrants >11 years
applying for permanent or humanitarian visas and for temporary visas if
from high-risk TB countries and staying for >6 months. TB, tuberculosis
disease; IME, Immigration Medical Examination; IGRA, interferon-gamma
release assay; TST, tuberculin skin test.
tPrevalence >40 per 100,000 cases of TB based on 2013 World Health
Organization estimates.

LTBI Results

Excluding missing and indeterminate results,
1,513/45,060 (3.4%) applicants returned a positive
IGRA or TST result (Table 2). In children without TB
or a history of treatment for TB, 1,473/44,709 (3.3%)
had a positive result, which equates to 3,295 cases of
LTBI per 100,000 applicants tested, or 30 applicants
screened per LTBI case detected. The proportion of
positive results was higher for TST (5.4%) than IGRA
(2.0%; p<0.001). Two thirds (1,001/1,513 [66.2%]) of
children who tested positive were identified through
TST and the remainder were identified through IGRA
(512/1,513 [33.8%]; p<0.001). The prevalence of TST
positivity increased with age, from 4.6% in children
0-4 years of age to 8.4% in those 10-14 years of age.

The proportion of positive IGRA/TST tests was
highest in permanent applicants (3.8%; p<0.001)
and applicants 10-14 years of age (5.4%; p<0.001).
Applicants from India, China, and the Philippines
comprised more than one third of children tested
(17,797 /45,060 [39.5%]) and more than half of all posi-
tive results (867/1,513 [57.3%]).

Factors associated with LTBI (Table 3) included
being 10-14 years of age, originating from Southeast
Asia or Southern and Eastern Europe, testing by TST,
and past close TB contact. Factors negatively associ-
ated with LTBI included originating from Oceania,
age of 0-4 years, and being a humanitarian applicant.
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Sensitivity analyses restricted to children 5-9 years of
age did not significantly alter these findings.

Further Investigation and Linkage to Care
Almost all applicants (1,495/1,513 [98.8%]) with posi-
tive IGRA or TST completed posteroanterior chest ra-
diography; a lateral film was also performed in 97.1%
(1,469/1,513) applicants. Only 2.7% (41/1,495) of radio-
graphs demonstrated any findings consistent with new
or old TB; 10 of those children received a TB diagnosis.
During November 2015-June 2017, a total of 21
cases of TB were diagnosed among 134,759 children,
of which 1 was bacteriologically confirmed, for a

prevalence of 15.6 cases/100,000 child applicants.
Of these 21 TB-positive children, 4 did not undergo
IGRA or TST, 10 had positive results (8 TST, 2 IGRA),
and 7 had negative results (all IGRA). All TB cases
had clinical abnormalities, radiological abnormalities,
or both on IME.

During November 2015-June 2017, among off-
shore applicants, 1,640 children were allocated TB-
HUs; the greatest number was in those 5-9 years of
age (792/1,640 [48.3%]; p<0.001) and permanent appli-
cants (1,113/1,640 [67.9%]; p<0.001). TBHUs increased
significantly after new screening introduction. Com-
paring the time periods July 2014-October 2015 and

Table 2. IGRA and TST testing and positivity in visa applicants <15 years of age migrating to Australia, November 2015—June 2017*

Applicants tested,

excluding
Applicants tested by missing/indeterminate  IGRA or TST positivity
Characteristic All applicants IGRA or TST resultst in applicants tested
Total 134,759 (100) 45,060 (33.4) 44,841 1,513 (3.4)
Sex
F 65,462 (48.6) 22,133 (33.8) 22,028 763 (3.5)
M 69,284 (51.4) 22,925 (33.1) 22,811 750 (3.3)
Age group, y
<4 62,646 (46.5) 18,503 (29.5) 18,410 505 (2.7)
5-9 40,357 (30.0) 22,615 (56.0) 22,509 796 (3.5)
10-14 31,756 (23.6) 3,942 (12.4) 3,922 212 (5.4)
Visa stream
Permanent 72,610 (53.9) 30,474 (42.0) 30,349 1,144 (3.8)
Temporary 45,490 (33.8) 4,466 (9.8) 4,430 160 (3.6)
Humanitarian 16,659 (12.36) 10,120 (60.8) 10,062 209 (2.1)
Region of origin
Oceaniat 10,704 (7.9) 2,512 (23.5) 2,490 32 (1.3)
Northwest Europe 7,339 (5.5) 255 (3.5) 255 7 (2.8)
Southern and Eastern Europe 2,153 (1.6) 419 (19.5) 417 36 (8.6)
North Africa and Middle East 14,316 (10.6) 6,981 (48.8) 6,950 128 (1.8)
Southeast Asia 21,993 (16.3) 7,597 (34.5) 7,562 574 (7.6)
Northeast Asia 19,667 (14.6) 5,788 (29.4) 5,755 134 (2.3)
Southern and Central Asia 37,741 (28.0) 15,046 (39.9) 15,009 435 (2.9)
Americas 4,363 (3.2) 503 (11.5) 498 11 (2.2)
Sub-Saharan Africa 8,556 (6.4) 3,557 (41.6) 3,522 97 (2.8)
Missing/Inadequately described 7,927 (5.9) 2,402 (30.0) 2,383 59 (2.5)
Top 5 countries of origin, excluding Australia
India 25,208 9,860 (39.1) 9,831 317 (3.2)
China 14,013 4,703 (33.6) 4,680 114 (2.4)
Philippines 8,684 3,234 (37.2) 3,222 436 (13.5)
United Kingdom 5,562 170 (3.1) 170 5(2.9)
Pakistan 5,175 2,472 (47.8) 2,471 24 (1.0)
Reported risk factors
Reported contact with TB 748 310 (41.4) 306 46 (15)
Previous treatment for TB 402 121 (30.1) 121 31 (25.6)
No. (%) tests No. tests, excluding
Test type completed§ indeterminate No. (%) positive tests
All 45,345 45,171 1,563 (3.5)
IGRA 26,171 (57.7) 25,997 532 (2.0)
TST 19,174 (42.3) 19,174 1,031 (5.4)

*Values are no. (%) except as indicated. Missing results across all applicants (excluded from corresponding demographic denominators): age not
recorded for 7 applicants, none of whom were screened (excluded from entire analysis); gender not recorded for 13 applicants, reported TB contact not
recorded for 7,645 applicants, previous treatment for TB not recorded for 13,484 applicants. Humanitarian visa holders, while considered as a separate
visa application stream by the Department of Home Affairs, have permanent residency in Australia. IGRA, interferon-gamma release assay; TST,
tuberculin skin test; TB, tuberculosis disease.

tApplicants who had IGRA or TST but with an indeterminate (IGRA, n = 174) or missing result (n = 45) excluded from column.

FOceania region includes 8,358 applicants with country of origin as Australia (8,018 born in Australia). This reflects children born in Australia of families
applying for migration. No further information regarding parental country of origin available.

§Total of 45,345 IGRAs and TSTs conducted with 330 applicants with >1 test in an application (227 with 2 tests and 3 with 3 tests).
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Table 3. Factors associated with LTBI in visa applicants <15 years of age migrating to Australia, November 2015-June 2017*

Univariate regression analysis

Multivariate regression analysis

Characteristic Odds ratio (95% CI) p value Odds ratio (95% CI) p value
Sex
M Referent 0.449 Referent 0.481
F 1.04 (0.93-1.17) 1.04 (0.93-1.17)
Age group, y
04 0.78 (0.69-0.88) <0.001 0.84 (0.74-0.95) 0.007
5-9 Referent Referent
10-14 1.55 (1.31-1.83) <0.001 1.40 (1.17-1.65) <0.001
Region of origin
Northeast Asia Referent Referent
Oceania 0.48 (0.31-0.75) 0.001 0.53 (0.35-0.83) 0.005
Northwest Europe 0.68 (0.21-2.16) 0.515 0.55 (0.17-1.77) 0.318
Southern and Eastern Europe 3.35 (2.15-5.20) <0.001 2.17 (1.38-3.41) 0.001
North Africa and Middle East 0.77 (0.59-1.00) 0.047 1.01 (0.75-1.38) 0.928
Southeast Asia 3.35(2.72-4.12) <0.001 2.65 (2.15-3.28) <0.001
Southern and Central Asia 1.19 (0.96-1.47) 0.120 0.84 (0.67-1.05) 0.124
Americas 0.96 (0.48-1.90) 0.900 0.79 (0.40-1.57) 0.498
Sub-Saharan Africa 1.28 (0.96-1.69) 0.088 0.84 (0.63-1.12) 0.224
Visa stream
Permanent Referent <0.001 Referent <0.001
Humanitarian 0.59 (0.51-0.70) 0.47 (0.38-0.58)
Risk factors
Past close contact with TB 3.48 (2.15-5.61) <0.001 2.80 (1.70-4.61) <0.001
Test type
IGRA Referent <0.001 Referent <0.001
TST 2.72 (2.41-3.06) 3.01 (2.66-3.42)

*Indeterminate IGRA results excluded. Temporary applicants excluded as not included in screening unless clinical features or risk factors. Applicants with
TB and history of TB excluded, because likely to result in positive IGRA or TST without reflecting LTBI. Screened applicants without country of origin data
not included in the regression analysis (n = 2,383); the LTBI prevalence in this group was 2.5% (Table 2). IGRA, interferon-gamma release assay; LTBI,
latent tuberculosis infection; TB, tuberculosis disease; TST, tuberculin skin test.

November 2015-June 2017, TBHUs increased from 417
(279/66,887) to 1,751 (1,640/93,650) per 100,000 off-
shore child applicants (p<0.001). Among offshore ap-
plicants with positive IGRA or TST results, 1,245/1,327
(93.8%) were allocated TBHUs. Of note, 183 onshore
applicants had positive IGRA or TST results and were
likely referred to care in Australia. Thus, 1,428/1,513
(94.4%) of all applicants with positive IGRA or TST re-
sults were likely referred for further care.

Discussion

Given the primary aim of the new screening program,
we found a low yield in detecting TB. TB is rare in
children migrating to Australia; 15.6 cases per 100,000
child applicants were diagnosed over the study period,
and annual Australia TB notifications in overseas-born
children ranged from 4.5 to 8.8 cases per 100,000 chil-
dren during 2015-2018 (7). Further, the effect of includ-
ing IGRA and TST in screening on case detection is un-
certain. Of the 17 TB-positive children in whom IGRA
or TST was performed, 7 had a negative test for infec-
tion (all IGRA), and in the other 10 children, it cannot
be assumed that the positive IGRA or TST result led
to the diagnosis of TB. Although a test for infection is
often included in the approach to TB diagnosis in chil-
dren, the results do not confirm or exclude active dis-
ease and so cannot be interpreted in isolation (25,26).

IGRA and TST detect LTBI in children, who
might benefit from TB preventive treatment (4).
We found that 3.3% of children screened had LTBI,
equating to 30 applicants screened per LTBI case de-
tected. Factors associated with LTBI matched well-
established risk factors, namely increasing age, histo-
ry of TB contact, and coming from a region with high
TB prevalence (acknowledging variability within
regions). These findings support previous evidence
showing greater yield from migrant TB screening
targeting higher-risk groups (14). Increased positiv-
ity with TST versus IGRA also reflects known test
characteristics; IGRA has greater specificity in BCG-
vaccinated children (26).

Although the LTBI prevalence of 3.3% found in
this population was low, that prevalence was higher
than the recently modeled estimate of 2.1% for over-
seas-born children (0-14 years of age) in Australia
(12), likely reflecting targeted screening criteria.
LTBI prevalence might have been higher if children
11-14 years of age had also been screened, given
LTBI prevalence increases with age in TB-endemic
settings. LTBI prevalence was much lower than in
some other international migrant screening pro-
grams. An analysis of premigration LTBI screening
in 67,334 children 2-14 years of age bound for the
United States (from countries with TB incidence rate

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 28, No. 9, September 2022 1837



RESEARCH

>20 cases per 100,000 children) found a higher LTBI
prevalence of 12% (27).

Characteristics of those screened largely reflected
screening criteria. Although overall screening com-
pleteness could not be determined, screening was
nearly universal among humanitarian applicants 5-9
years of age, who all met criteria. Although complete
assessment of the risk factors prompting testing in
temporary applicants was not possible, a surprisingly
high proportion (9.8%) of temporary applicants un-
derwent IGRA or TST; the proportion testing positive
(3.6%) was similar to the proportion in permanent ap-
plicants (3.8%). In contrast, humanitarian applicants
had significantly lower odds of LTBI than permanent
applicants despite the presumption of high LTBI risk
and mandated testing. This difference is likely because
permanent applicants were only screened if they were
from a high-burden setting, and the humanitarian in-
take at the time was predominantly from countries
with relatively low TB prevalence (largely refugee
applicants from Syria and Iraq) (28). Nevertheless,
the proportion of positivity (2.1%) in humanitarian
applicants was lower than previous LTBI prevalence
estimates in refugee-background children tested in
Australia, including from the Middle East (11,29).

Almost all children with positive screening re-
sults had further investigation for TB, including chest
radiography, as per guidelines. Most were allocated
a TBHU requiring linkage to follow-up care in Aus-
tralia. The updated screening was associated with a
marked increase in children with TBHUs. These ad-
ditional TBHUs might have enabled TB preventative
treatment that might not otherwise have occurred, for
potential substantial benefit for these children. How-
ever, TBHUs require use of services and resources
both for families and the health system in Australia.
Time from visa application to follow up after mi-
gration is often months to years. This delay from a
positive test to commencement of TB preventative
treatment (in addition to the unknown time between
infection and positive test) risks missing the period
when disease is more likely to develop in children
with LTBI (5), which might reduce both the individu-
al and public health benefit of preventative treatment.

After migration, Australia guidelines recom-
mend testing migrants <35 years of age from high-
burden TB settings for LTBI (30). In practice, this
testing occurs infrequently unless migrants are as-
signed a TBHU, linked with specific services (e.g.,
refugee health clinics), or there is another specific
requirement (e.g., occupational screening) (31,32).
Systematic premigration LTBI testing linked to ap-
propriate follow-up care theoretically offers several
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advantages, including broader testing within man-
dated IMEs, targeting migrants from high-risk set-
tings, supporting source country TB infrastructure,
and detecting infection promptly, given LTBI reacti-
vation risk is highest early after migration (21,33-35).
Some migrant groups have also reported a preference
for premigration LTBI testing over postmigration
testing (36). Researchers analyzing premigration TB
screening (with chest radiography) suggest consider-
ing expansion to include LTBI, citing reactivation of
overseas-acquired LTBI as the primary driver of TB
in low-burden countries (13,33,37,38). Some reviews
and modeling estimates have supported the poten-
tial effectiveness and cost-effectiveness of premigra-
tion LTBI screening, particularly when targeted to
migrants from high-burden settings (16,33). Others
have found limited cost-effectiveness, particularly if
screening costs are included in cost-effectiveness cal-
culations (rather than being borne by migrants), and
have highlighted the limited likely contribution of
migrant screening to TB elimination in low-burden
settings (39). However, observational data from pre-
migration health screening programs detecting LTBI,
particularly in children, remain limited, underscoring
the importance of analyses such as this one (33,40).

Ideally, assessment of the overall effectiveness of
the new screening program would consider the full
cascade of care, from premigration LTBI detection to
postmigration TB preventative treatment uptake and
completion, as well as TB incidence (33). Losses over
the cascade of care are common: of 8,231 children
in whom LTBI was detected before migration to the
United States, 70% were followed after migration but
rates of diagnosis revision and low treatment comple-
tion were substantial (27). However, given that TB will
not develop in most children with LTBI even without
TB preventive treatment, the low LTBI prevalence in
our analysis implies a large number of children would
need to be screened to prevent 1 case of TB.

The first limitation of our analysis is that the
study population represents visa applications rather
than persons, meaning repeat applicants are not ac-
counted for (22). No data were available regarding
BCG immunization. Of note, BCG vaccine is includ-
ed in the immunization schedule of many applicant
source countries (e.g., India, China, and the Philip-
pines), and a large proportion of screened applicants
likely received the BCG vaccine in infancy. However,
in TB-endemic countries, a positive TST indicates in-
fection with M. tuberculosis regardless of BCG status,
and false positivity decreases with increasing age
(41,42). Further, in children, a positive TST requires
clinical follow up regardless of BCG status.
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We were unable to assess screening completeness
directly against criteria because of privacy limitations
on data format. Our denominator for the proportion of
children screened was inflated by including children
<2 years and 11-14 years of age, whose age placed
them outside of screening criteria. Because of these fac-
tors, the cohort represents a mix of children screened
based on age, visa stream, and clinical risk criteria.
Nevertheless, the demographics of the cohort broadly
align with screening criteria, and sensitivity analyses
restricted to children 5-9 years of age did not alter our
conclusions, suggesting our group largely reflects chil-
dren meeting screening criteria. Further, our results re-
flect real-world implementation of the updated screen-
ing program. Finally, no data were available regarding
care linkage in Australia or clinical outcomes.

Our analysis provides the results of Australia’s sys-
tematic premigration TB screening in children, one of
few such programs globally. Notwithstanding inherent
delays between infection, screening, and TB preventa-
tive treatment, the individual benefit for children with
LTBI detected by premigration health screening could
be considerable, with potential future reductions in TB
incidence in overseas-born children in Australia. How-
ever, the low proportion of LTBI found in our analy-
sis, despite the program targeting higher-risk children,
suggests a modest yield from the current program to-
ward substantial reductions in TB after migration.

TB elimination in Australia is unlikely to be
achieved through migrant screening alone, and strate-
gies such as investment in TB programs in high-burden
settings, alongside strong local public health measures,
might have greater impact (10,39,40). Key questions
remain unanswered that will influence whether, and
how, migrant screening can best contribute to TB and
LTBI detection. These questions include the effects of
changing migration patterns on screening yield, trade-
offs between screening older migrants (with higher
infection prevalence) versus children (with greater
individual benefit for those with LTBI), acceptability
and cost for migrants, health resourcing implications,
and ultimately, effectiveness for reducing TB burden,
toward the overarching goal of TB elimination.

In conclusion, in low-burden settings, additional
interventions to prevent TB are inherently likely to
have lower yield and be less cost-effective because
of already low TB incidence. Shifting screening costs
onto migrants might improve apparent cost-effec-
tiveness but has implications for equitable access to
screening. Given TB epidemiology in Australia, tar-
geted migrant screening might still make a valuable
contribution toward TB elimination even if absolute
yield is low.
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Coccidioidomycosis Seroincidence
and Risk among Military Personnel,
Naval Air Station Lemoore,

San Joaquin Valley, California, USA?

Graham C. Ellis, Charlotte A. Lanteri, Hsing-Chuan Hsieh, Paul C.F. Graf, Gabriel Pineda,
Nancy F. Crum-Cianflone, Catherine M. Berjohn, Terrel Sanders, Ryan C. Maves, Robert Deiss

We conducted a retrospective cohort study that tested
2,000 US military personnel for Coccidioides antibodies
in a disease-endemic region. The overall incidence of se-
roconversion was 0.5 cases/100 person-years; 12.5% of
persons who seroconverted had illnesses requiring medi-
cal care. No significant association was found between de-
mographic characteristics and seroconversion or disease.

occidioidomycosis is an endemic mycosis caused

by inhalation of Coccidioides immitis or C. posadasii
spores (1). Severe disease is infrequent, and extrapulmo-
nary dissemination occurs in only 1% of diagnosed cases
(2,3). Mild disease and varied clinical awareness of this
pathogen contribute to underestimates of incidence (4).

The US military maintains facilities in coccidioido-
mycosis-endemic regions where nonimmune persons
are routinely assigned. We sought to investigate the se-
roincidence of Coccidioides infection in persons stationed
at a naval air station (NAS) in the San Joaquin Valley of
California, USA, an area to which coccidioidomycosis is
endemic (5). The study was approved by the Institution-
al Review Boards of the Uniformed Services University
and Naval Health Research Center

The Study
We used samples collected during 2011-2017 from the
Department of Defense Serum Repository (DoDSR),

a program that stores serum from US service members
collected during routine health screenings. We con-
ducted a retrospective cohort study of 2,000 military
service members newly transferred to NAS Lemoore,
a military base in the San Joaquin Valley that employs
6,400 military personnel (6). Our primary objectives
were to define the incidence of and risks for sero-
conversion at NAS Lemoore. Secondary objectives
included determining the proportion of seropositive
cases associated with the development of clinical dis-
ease. We queried the Armed Forces Health Services
Division database to identify service members who
were newly transferred to NAS Lemoore from a non-
Coccidioides-endemic region, as determined by postal
code associated with the serum sample.

The population consisted of service members for
whom the DoDSR had 1 serum sample drawn before
arrival at NAS Lemoore (pretransfer) and 1 sample
drawn after >12 months at NAS Lemoore (posttrans-
fer) during 2011-2017. Posttransfer serum samples (2
mL) from eligible persons were obtained and tested
for Coccidioides IgG and IgM by the Naval Health Re-
search Center (San Diego, CA, USA) by using the
Omega Cocci Antibody Enzyme Immunoassay (EIA)
on the automated DS2 instrument (Dynex Technolo-
gies, https://www.dynextechnologies.com). ~Sam-
ples seropositive by EIA underwent confirmatory
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immunodiffusion testing at the University of Califor-
nia Davis Coccidioidomycosis Reference Laboratory
(Davis, CA, USA). For positive or equivocal samples,
we obtained pretransfer samples from the DoDSR and
tested them for Coccidioides antibodies by EIA to de-
termine the presence of seroreactivity (seropositive or
equivocal) before the service member’s transfer to a
Coccidioides-endemicregion(Appendix https:/ /wwwnc.
cdc.gov/EID/article/28/9/22-0652-Appl.pdf).

We defined seroconversion as IgG or IgM detect-
ed in a posttransfer sample by EIA, confirmed by im-
munodiffusion if performed, with a seronegative pre-
transfer EIA result. IgG seroreactivity in a pretransfer
sample was considered evidence of previous Coccidi-
oides exposure. Isolated IgM seroreactivity in a pre-
transfer sample was considered false positive if there
was IgM seroreactivity in the posttransfer sample.
Cases that could not be confirmed by immunodiffu-
sion because of testing limitations but that otherwise
met the above definition were included as cases of se-
roconversion in our analysis.

We obtained deidentified demographic and
clinical data from the Armed Forces Health Servic-
es Division. Demographics included branch of ser-
vice, military rank, and occupational specialty code

Coccidioidomycosis among Military Personnel

(Appendix). We obtained clinical diagnosis by query
of the International Classification of Diseases 9th and
10th Revisions (Appendix). Case-patients who had
coccidioidomycosis were considered if cases occurred
while they were stationed at NAS Lemoore, within 90
days after transfer, or within 2 years if disseminated.

We calculated prevalence and incidence with 95%
CI based on binomial and Poisson distributions. Preva-
lence was the number of positive screens divided by
the number of seronaive persons on transfer. Incidence
was calculated by using person-years at NAS Lemoore.
We determined bivariate associations by using the
Mann-Whitney U/Wilcoxon rank tests for continuous
variables and the y? or Fischer exact test for categorical
variables. We used a simple logistical regression mod-
el to determine predictors of seroconversion or disease
and considered a 2-sided p value <0.05 statistically
significant. We performed all statistical calculations by
using SAS version 9.4 (https:/ /www.sas.com).

We obtained serum and clinical data for 2,000
participants (Table 1); participants were predomi-
nately male and <27 years of age. Coccidioides 1gG
or IgM were detected (positive or equivocal) by EIA
in 415 (21%) of 2,000 samples (Appendix); of those,
252 (61%) were equivocal for IgM alone and were

Table 1. Cohort demographics by seroconversion status for incidence of Coccidioides seroconversion among military personnel, Naval

Air Station Lemoore, San Joaquin Valley, California, USA*

Seroconversion

Variables No Yes Total p value
Total 1,976 24 2,000
Mean age, y (range) 23.0 (20.0-27.0) 22.5 (19.0-26.5) 23.0 (20.0-27.0) 0.5358
Sex >0.999
M 1,657 (83.86) 20 (83.33) 1,677 (83.85)
F 319 (16.14) 4 (16.67) 323 (16.15)
Race/ethnicity 0.1098
Caucasian 910 (46.05) 6 (25.00) 916 (45.80)
African American 298 (15.08) 5(20.83) 303 (15.15)
Asian/Pacific Islander 120 (6.07) 2 (8.33) 122 (6.10)
American Indian/Alaskan Native 53 (2.68) 0 53 (2.65)
Hispanic 338 (17.11) 4 (16.67) 342 (17.10)
Other 233 (11.79) 6 (25.00) 239 (11.95)
Unknown 24 (1.21) 1(4.17) 25 (1.25)
Education 0.8220
No high school 10 (0.51) 0 10 (0.50)
High school 1,562 (79.05) 20 (83.33) 1,582 (79.10)
Bachelor's degree or <4 y of college degree 273 (13.82) 4 (16.67) 277 (13.85)
Master’s degree or higher 32 (1.62) 0 32 (1.60)
Unknown 99 (5.01) 0 99 (4.95)
Service >0.999
Navy 1,965 (99.44) 24 (100.00) 1,989 (99.45)
Other 11 (0.56) 0 11 (0.55)
Grade 0.1999
Enlisted 1,791 (90.64) 24 (100.00) 1,815 (90.75)
Warrant 4 (0.20) 0 4 (0.20)
Officer 181 (9.16) 0 181 (9.05)
Outdoor occupations 0.2975
Yes 1,193 (60.37) 17 (70.83) 1,210 (60.50)
No 783 (39.63) 7(29.17) 790 (39.50)
*Values are no. (%) unless indicated otherwise.
Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 28, No. 9, September 2022 1843
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excluded as false positives. Confirmatory testing
was performed on 144 of the remaining 163 sero-
positive/seroequivocal samples by EIA (88.3%).
Overall, 19 were positive for IgG alone, 1 positive
for IgG and IgM, and 2 equivocal for IgM alone. For
these 22 samples and the 19 samples that were not
sent for confirmatory testing by immunodiffusion,
a pretransfer sample was obtained from the DoDSR
and tested for Coccidioides antibodies by EIA to de-
termine previous seroreactivity. Five persons had
serologic evidence of previous Coccidioides exposure
by pretransfer EIA. Twelve participants were IgG-/
IgM+ for pretransfer and posttransfer samples and
were considered false positives.

A total of 24 (1.2%) participants met our definition
for seroconversion and were included in our analy-
sis (Table 1). Of those, 20 (83.3%) had positive im-
munodiffusion results by confirmatory testing. Four
(16.7%) showed evidence of seroconversion on post-
transfer EIAs (one IgG+/IgM-, 1 IgG/IgM equivocal,
and 2 IgG equivocal/IgM-) and negative pretransfer
EIA results but lacked sufficient posttransfer sample
volume for confirmation; they were included as sero-
conversion cases.

Annual incidence ranged from 0 to 1.32 cases/100
person-years; overall seroconversion incidence was
0.5 cases/100 person-years (Figure; Appendix). Three
(12.5%) of the 24 newly seropositive persons were
given a diagnosis of coccidioidomycosis or pneumo-
nia after seroconversion. No disseminated infections
were diagnosed. No disease was documented in per-
sons who had Coccidioides antibodies before arrival.
Two coccidioidomycosis diagnoses were for seroneg-
ative persons.

1844

We found by bivariate and regression analyses
no statistically significant associations between any
demographic variable and seropositivity or disease
(Tables 1, 2). We did not observe statistically sig-
nificant differences in seropositivity between ra-
cial/ethnic groups or by occupation. Seropositivity
was significantly associated with disease (p = 0.027)
(Table 2).

Conclusions

Our observed incidence of 0.5 cases/100 person-
years is lower than published observations of as-
ymptomatic infection (7-12). We found no statisti-
cally significant association between seropositivity
and any demographic variable but were limited by
low rates of seroconversion and disease. Prospec-
tive Coccidioides skin testing at 4 military airfields
in southern California, including Lemoore, dur-
ing 1941-1945 found annual conversion rates as
high as 12.43%, decreasing to 1.43% and 2.86% in
the 2 years after environmental controls were put
in place (7). Our incidence rates appear lower than
those previously reported and might better repre-
sent seroconversion in persons with average dust
exposure in the modern era.

The first limitation of our study is that performance
of serologic analysis for Coccidioides infection depends
on time from exposure and varies by method (13), which
might explain the discordance between coccidioido-
mycosis diagnoses identified in service members who
showed negative test results. High rates of seroreactiv-
ity and funding constraints complicated serologic defi-
nitions that were limited by discordance between EIA
and immunodiffusion results. However, we confirmed

Figure. Incidence of
Coccidioides seroconversion
among military personnel,
Naval Air Station Lemoore, San
Joaquin Valley, California, USA.
Error bars indicate 95% Cls.
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Table 2. Cohort demographics by coccidioidomycosis-like diagnosis for incidence of Coccidioides seroconversion among military
personnel, Naval Air Station Lemoore, San Joaquin Valley, California, USA*

Diagnosis
Variables No Yes Total p value
Seroconversion 0.0267
Yest 27 (1.38) 3(6.82) 30 (1.50)
No 1,929 (98.62) 41 (93.18) 1,970 (98.50)
Mean age, y (range) 24.0 (20.0-27.0) 21.0 (19.5-25.0) 23.0 (20.0-27.0) 0.0572
Sex 0.1067
M 1,644 (84.05) 33 (75.00) 1,677 (83.85)
F 312 (15.95) 11 (25.00) 323 (16.15)
Race/ethnicity 0.5885
Caucasian 892 (45.60) 24 (54.55) 916 (45.80)
African American 299 (15.29) 4 (9.09) 303 (15.15)
Asian/Pacific Islander 118 (6.03) 4 (9.09) 122 (6.10)
Hispanic 335 (17.13) 7 (15.91) 342 (17.10)
Other 287 (14.67) 5(11.36) 292 (14.60)
Unknown 25 (1.28) 0 25 (1.25)
Education >0.999
No high school 10 (0.51) 0 10 (0.50)
High school 1,545 (78.99) 37 (84.09) 1,582 (79.10)
Bachelor’s degree or less 271 (13.85) 6 (13.64) 277 (13.85)
Master's degree or higher 32 (1.64) 0 32 (1.60)
Unknown 98 (5.01) 1(2.27) 99 (4.95)
Service >0.999
Navy 1,945 (99.44) 44 (100.00) 1,989 (99.45)
Other 11 (0.56) 0 11 (0.55)
Grade 0.1799
Enlisted 1,772 (90.59) 43 (97.73) 1,815 (90.75)
Warrant/officer 184 (9.41) 1(2.27) 185 (9.25)
Outdoor occupation 1,186 (60.63) 20 (45.45) 1,210 (60.50) 0.4139
Total 1,956 44 2,000

*Values are no. (%) unless indicated otherwise.
TIncludes previous seroconversion.

seronegativity by immunodiffusion in more than half of
the 252 posttransfer IgG/IgM-equivocal samples, instill-
ing confidence in classifying these results as negatives.
Our sample size and cohort homogeneity limited our
ability to detect significant risk factors for infection. The
retrospective nature of our study could miss mild disease
cases. Furthermore, military personnel are often healthy
and have few underlying illnesses, potentially explain-
ing the low rate of symptomatic illness in the cohort.

In summary, we found that coccidioidomycosis
was uncommon in a military population newly trans-
ferred to a disease-endemic region, and progression
to clinically apparent disease was infrequent. Lon-
gitudinal prospective studies are needed to monitor
epidemiologic trends over time and to determine
disease risks in diverse populations. Although these
low rates of seroincidence and disease are reassuring,
caution is warranted when considering this pathogen
with complex disease ecology.
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During June 2022, Spain was one of the countries most
affected worldwide by a multicountry monkeypox out-
break with chains of transmission without identified links
to disease-endemic countries. We provide epidemiologic
features of cases reported in Spain and the coordinated
measures taken to respond to this outbreak.

During May-June 2022, after an alert notification
initiated by the United Kingdom (1,2), >4,500
monkeypox cases had been confirmed worldwide,
mainly in the European region (3-6). Chains of trans-
mission without links to disease-endemic countries
have been identified, and cases have occurred mainly
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among men who have had sex with men (MSM) in
high-risk sexual contexts (5,6).

During June 2022, Spain was one of the countries
most affected by monkeypox. We provide epidemio-
logic features of monkeypox cases reported to the Na-
tional Surveillance Network through July 4, 2022 (7),
complemented with information obtained from bilat-
eral consultations with the Spanish Autonomous Re-
gions, and the measures taken to respond to this alert.
No ethics approval was sought because this study de-
scribes cases and public health actions in Spain linked
to the ongoing multicounty outbreak during June
2022. No personal identifiable data for case-patients
or any contacts are included in this report.

The Study
Suspected monkeypox cases in Spain were initially
reported on May 17. By July 4, of the 19 Autonomous
Regions in Spain, 16 had reported 1,256 cases, of
which 61.1% (n = 768) were reported by the Region
of Madrid. A total of 1,242 cases were in men and 14
in women. The median age of case-patients was 37
years; all but 1 case-patients were adults (Table).

Date of symptom onset was known for 1,182
(89.5%) case-patients . An epidemic plot showed a
sustained increasing trend during May and June (Fig-
ure). The decreasing numbers during the second half
of June might be caused by a delay in reporting.

We obtained information from 4 different series
from 4 regions involving 45 patients who self-referred
a clear exposure date (range 4-22 patients/region).

This information showed average incubation periods
of 7-9.6 days.

The most frequent symptoms reported (n = 530)
were rash (mainly anogenital), fever, asthenia, and
lymphadenopathy (Table). Most patients had >1
general symptom plus disseminated and anogenital
rash (126 case-patients), >1 general symptom plus
anogenital rash (exclusively) (105 case-patients), or
>1 general symptom plus diseminated rash (without
anogenital or oro/peribuccal location) (76 case-pa-
tients). Of the 216 case-patients who had localized
lymphadenopathy, 191 had general symptoms. The
median number of days from symptom onset to rash
was <1 day (IQR 0-2 days; information was avail-
able for 427 case-patients). A total of 30 of the 530
case-patients were hospitalized (median admission
2 days); 33 reported complications, mainly second-
ary bacterial infections (n = 15) oral ulcers (n = 11),
proctitis (n = 2), and pharyngotonsillitis (n = 2). No
deaths were reported.

Of 440 case-patients who had available informa-
tion, 62 had traveled to countries that had reported
monkeypox cases during the incubation period. A to-
tal of 101 case-patients were reported to be close con-
tacts of confirmed or probable case-patients.

The most likely mechanism of transmission re-
ported by 332 (85.8%) of the 387 case-patients who
had available information was intimate and pro-
longed contact during sex. A total of 31 case-patients
reported close contacts unrelated to sex; for 24 case-
patients, this information was pending. Of those 332

Table. Characteristics of 1,256 monkeypox case-patients, Spain, July 4, 2022

Characteristic No. (%) case-patients
Sex
M 1,242 (98.9)
F 14 (1.10
Age group, y
<20 6 (0.5)
20-39 238 (18.9)
30-39 511 (40.7)
40-49 361 (28.7)
50-59 126 (10.0)
>60 13 (1.0)
Unknown 1(0.1)
General symptoms, n = 530*
General
Fever 302 (56.9)
Asthenia 224 (42.3)
Muscle pain 167 (31.5)
Throat pain 136 (25.7)
Headache 140 (26.4)
Specific
Anogenital rash 355 (66.9)
Disseminated rash in locations other than anogenital or oro/peribuccal 293 (55.3)
Localized lymphadenopathy 216 (40.7)
Oro/peribuccal rash 92 (17.4)
General lymphadenopathy 45 (8.5)
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Figure. Epidemic plot of 1,182
confirmed cases of monkeypox
according to date of onset of
symptoms for late April, May,
and June 2022, Spain. April
cases were reported during
April 25-30. Cases without
date of symptom onset were
not included (for 72 male
case-patients and 2 female
case-patients).

case-patients, 290 were MSM; 6 reported heterosex-
ual contact, and information was pending for the re-
maining 36. Of 413 case-patients who had available
information, 163 had attended a mass gathering be-
fore symptom onset; 101 attended Pride events in
different cities in Spain. Regarding the 14 women, 7
reported intimate contact during sex with men and 2
had close contacts within the family environment; for
5 women, this information was pending.

A total of 11 regions representing 73% of the
case-patients reported provided additional details
on contact tracing. It was not feasible to identify or
obtain any information regarding potential contacts
for a substantial number of patients. Most regions re-
ported an average of <3 identifiable contacts/ case-pa-
tient. Only 4 regions reported case-patients that had
>5 identifiable contacts.

The case definition for monkeypox in Spain consid-
ers a confirmed case-patient as a person who had mon-
keypox genome identified by PCR or who had a posi-
tiveresultin a generic PCR for Orthopoxvirus in a clinical
sample. However, the first confirmation of monkeypox
cases was conducted by using sequencing (8).

The National Centre for Microbiology conducted
partial sequencing of 23 patients and the complete se-
quencing in samples from 24 cases. This testing iden-
tified the West African clade of monkeypox virus.

Following the procedures of the National Ear-
ly Warning and Rapid Response System, all key

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 28, No. 9, September 2022

stakeholders were alerted to pursue a rapid and coor-
dinated response. A national protocol for early detec-
tion and case and contact management was approved
and made available by the National Alert Board (8)
and coordinated by the Ministry of Health 3 days af-
ter detection of suspected cases. A rapid risk assess-
ment for Spain has been reported (9), and situation
reports are updated regularly (3). Early consultation
and exchange with relevant scientific societies led to
publication of an atlas that contained differential di-
agnoses for monkeypox skin lesions (10).
Partnership with the lesbian, gay, transgender,
bisexual, intersex, and queer (LGTBIQ) community
was seen as pivotal, and the Ministry of Health in-
volved its Advisory and Counselling Board of non-
governmental organizations in the response to pro-
mote the engagement of the LGTBIQ community. In
this context, several materials, with key health mes-
sages developed, are publicly available (11), building
on previous experience on safe sex campaigns, during
summer events and following the general principles
of the World Health Organization and European Cen-
tre for Disease Prevention and Control (12).
Recommendations to offer monkeypox vaccine as
postexposure prophylaxis to close contacts, especially
those at high risk of developing severe disease and
healthcare workers experiencing incidences with the
personal protective equipment when in contact with
patients, have been proposed by the National Board
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for Vaccines (13), and >80 contacts (information avail-
able from 12 regions) have already been vaccinated.
Use of vaccination as preexposure prophylaxis for
high-risk groups and healthcare workers with occu-
pational risk is now under discussion as the availabil-
ity of vaccine increases.

Conclusions

Monkeypox transmission is currently centered, but
not exclusively, in MSM who have close physical
contact in high-risk sexual contexts. However, with-
out optimal control, there is a risk for transmission
to other population groups. Early detection, which
requires useful information for the differential diag-
nosis of clinical manifestations, is crucial to control
transmission, as is timely case reporting. It is also
essential to continue characterizing the dynamics of
the outbreak to identify potential changes to tailor
and adapt recommendations.

One of the main challenges encountered in the
response to this alert is identifying and tracking con-
tacts: case-patients might be hesitant to provide the
identities of their contacts or might not be able to do
so because risk exposures had occurred anonymously
with previously unknown persons. In certain occa-
sions, it was also difficult to ascertain during the epi-
demiologic interview the exact date in which trans-
mission might had occurred.

The way the ongoing monkeypox outbreak will
evolve is still uncertain and will be influenced by
how successfully advice reaches the population at
risk. Effective risk communication and community
engagement strategies are paramount to delivering
information to the general population and to most
at-risk persons, including summer mass-gathering
event organizers. These features should include clear
and contrasted information in partnership with the
LGTBIQ community to minimize risk behaviors and
maximize awareness about the importance of follow-
ing public health control measures. Explicit warnings
to avoid any form of stigmatizing the LGTBIQ com-
munity should frame all interventions.
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Susceptibility of Wild Canids
to SARS-CoV-2

Stephanie M. Porter, Airn E. Hartwig, Helle Bielefeldt-Ohmann, Angela M. Bosco-Lauth,* J. Jeffrey Root!

We assessed 2 wild canid species, red foxes (Vulpes
vulpes) and coyotes (Canis latrans), for susceptibility to
SARS-CoV-2. After experimental inoculation, red foxes
became infected and shed infectious virus. Conversely,
experimentally challenged coyotes did not become in-
fected; therefore, coyotes are unlikely to be competent
hosts for SARS-CoV-2.

hroughout the COVID-19 pandemic, multiple

instances of natural infections with SARS-CoV-2
have been reported in pet dogs, likely after exposure
to an infected human (1-3). Domestic dogs appear to
be minimally susceptible to SARS-CoV-2, as indicat-
ed by experimental inoculations resulting in reverse
transcription PCR-positive samples and low titer an-
tibody responses but no clinical disease nor shedding
of infectious virus (4,5).

The ability of SARS-CoV-2 to infect domestic
dogs, in addition to several other species of carni-
vores, suggests that additional members of the canid
family might be susceptible to infection. Wild canids,
such as red foxes (Vulpes vulpes) and coyotes (Canis
latrans), are of particular interest given how widely
distributed these animals are, their frequent proxim-
ity to humans, and that they prey, scavenge upon, or
otherwise interact with species demonstrated to be
susceptible to SARS-CoV-2, including felids, skunks,
rodents, and white-tailed deer (6,7). Foxes (species
not specified) have been included in modeling efforts
and serosurveillance studies aiming to predict ani-
mal hosts of SARS-CoV-2, but their ability to serve as
hosts for SARS-CoV-2 remains unclear.

Structural analysis of the ACE2 receptor in vari-
ous animal species predicted that red fox ACE2 have
the ability to bind to SARS-CoV-2; different models
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have predicted low-, medium-, or high-affinity bind-
ing (8-10). Two surveillance studies have sampled
wild foxes and failed to detect antibodies against
SARS-CoV-2; however, both studies were conducted
early in the COVID-19 pandemic and did not exclude
the possibility that foxes might become infected with
and develop an immune response to SARS-CoV-2,
only that spillover had not occurred in the examined
animals in those locations at that time (11,12).
Because numerous carnivore species have prov-
en to be susceptible to SARS-CoV-2, ascertaining the
susceptibility of other wild carnivores to the virus, es-
pecially those species that are closely associated with
humans, is a crucial step in understanding the role
that wildlife might play in maintaining and transmit-
ting SARS-CoV-2. The objective of this study was to
assess 2 species of wild canids—red foxes and coy-
otes —for susceptibility to infection with SARS-CoV-2.

The Study

We evaluated captive-reared, juvenile (3-5-month-
old), mixed sex red foxes (3 female, 3 male) and coy-
otes (3 female, 1 male) for susceptibility to SARS-
CoV-2. After approval by Colorado State University
and National Wildlife Research Center Institutional
Animal Care and Use Committees, we individu-
ally housed animals in an Animal Biosafety Level 3
(ABSL-3) facility at Colorado State University. Before
inoculation, all animals were seronegative against
SARS-CoV-2.

We diluted SARS-CoV-2 strain WA1/2020WY96
(obtained from BEI Resources, https://www.beire-
sources.org) in phosphate-buffered saline and in-
stilled the solution into the nares of each animal. We
immediately performed virus back-titration on Vero
cells to confirm each animal received 5.1-6.0 log,,
plaque-forming units of SARS-CoV-2.

We assessed all animals daily for attitude and
signs of clinical disease, including lethargy, anorexia,
ocular discharge, nasal discharge, sneezing, cough-
ing, and dyspnea. We did not observe weight loss

1These senior authors contributed equally to this article.
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Figure 1. Oropharyngeal
shedding of SARS-CoV-2
by red foxes (Vulpes vulpes)
experimentally infected with
SARS-CoV-2 as detected by
plaque assay. Red foxes 1,
2, and 3 were euthanized at
3 days postinfection. PFU,
plague-forming unit.

or elevated temperatures in any animals during the
study. On 4 days postinfection (dpi), 1 red fox was
observed to be lethargic, and all 3 red foxes remaining
at 6 dpi were lethargic and sneezing. No other behav-
ioral changes or clinical signs of disease were seen in
any of the animals at any other time point.

We collected oral swab and nasal flush samples
from each animal on 1, 2, 3, and 5 dpi and obtained
additional oral swab samples on 7 and 14 dpi. Plaque
assay revealed that all 6 of the red foxes shed infec-
tious virus both orally (Figure 1) and nasally (Figure
2) starting at 1 dpi. Most of the red foxes were still
shedding virus at 3 dpi (4/6 oral, 5/6 nasal); all shed-
ding resolved by 5 dpi. We did not isolate infectious
virus from any of the oral swabs or nasal flushes col-
lected from any of the coyotes. Reverse transcription

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 28, No. 9, September 2022

PCR confirmed the SARS-CoV-2 shedding profile of
the red foxes and revealed that viral RNA was detect-
ed beyond the period that infectious virus was detect-
able (Table 1). The 2 dpi oral swab samples from all
4 coyotes were positive for SARS-CoV-2 RNA, albeit
with high cycle threshold values (range 32-35) (Table
1). All other coyote oral swab samples were negative
for SARS-CoV-2.

We euthanized and necropsied one half of the
animals (3 red foxes, 2 coyotes) at 3 dpi to evaluate tis-
sues for acute viral burden and pathological changes.
Infectious virus was isolated from the nasal turbinates
of 2 of 3 red fox but not from any other tissues. None
of the coyote tissues contained any infectious virus.

We collected blood for serologic testing weekly
from the remaining animals until 28 dpi (red fox) or 30

Figure 2. Nasal shedding

of SARS-CoV-2 by red
foxes (Vulpes vulpes)
experimentally infected with
SARS-CoV-2 as detected by
plaque assay. Red foxes 1,
2, and 3 were euthanized at
3 days postinfection. PFU,
plaque-forming unit.
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Table 1. Cycle threshold values by RT-PCR of oral swab samples from red foxes (Vulpes vulpes) and coyotes (Canis latrans)

experimentally infected with SARS-CoV-2*

Cycle threshold value

Animal 1 dpi 2 dpi 3 dpi 5 dpi 7 dpi 14 dpi
Red fox 1 21.2 33.2 314

Red fox 2 18.2 21.4 28.9

Red fox 3 223 16.7 33.7

Red fox 4 18.4 21.7 28.2 34.8 Undetected Undetected
Red fox 5 17.9 18.3 28.4 Undetected 257 Undetected
Red fox 6 16.9 20.8 31.3 24.3 28.3 Undetected
Coyote 1 Undetected 35.0 Undetected

Coyote 2 Undetected 32.6 Undetected

Coyote 3 Undetected 34.0 Undetected Undetected Undetected Undetected
Coyote 4 Undetected 33.1 Undetected Undetected Undetected Undetected

*Red foxes 1, 2, and 3 and coyotes 1 and 2 were euthanized at 3 dpi. dpi, days postinfection; RT-PCR, revere transcription PCR.

dpi (coyote), at which point the animals were eutha-
nized and necropsied. All of the red foxes held until
28 dpi showed a neutralizing antibody response begin-
ning at 7 dpi; peak titers (1:80 or higher) were reached
at 14 dpi (Table 2). None of the coyotes seroconverted.

On necropsy, we did not observe gross le-
sions in any animal. None of the fox tissues evalu-
ated had histopathologic lesions attributable to
SARS-CoV-2. We did not assess tissues from the
coyotes histologically.

Conclusions

The COVID-19 pandemic has been driven by hu-
man-to-human transmission of SARS-CoV-2, but
animal species that are susceptible to infection with
the virus represent a niche for viral maintenance
and could potentially serve as a source for viral
spillback into the human population, as has already
been the case on mink farms (13). Peridomestic spe-
cies are of particular interest because they presum-
ably run the greatest risk for contracting the virus
from humans.

We demonstrated that red foxes are susceptible
to infection with SARS-CoV-2. All red foxes in this
study shed infectious virus both orally and nasally
for >3 days. Each of the red foxes held for 28 days
displayed mild, self-resolving, clinical signs includ-
ing lethargy and sneezing and developed neutraliz-
ing antibody responses beginning 7 dpi that persisted
for the duration of the study. The antibody titers from
red foxes were similar to what has been seen in ex-
perimentally infected domestic dogs (4). Conversely,
coyotes appear not to be susceptible to infection with

Table 2. Antibody titers for red foxes (Vulpes vulpes)
experimentally infected with SARS-CoV-2*
Antibody titer, PRNTgg

Animal Preinfection 7dpi  14dpi 21dpi 28 dpi
Red fox 4 0 20 160 80 80
Red fox 5 0 20 80 80 80
Red fox 6 0 20 320 160 320

*dpi, days postinfection; PRNTgo, 80% plaque reduction neutralization test.
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SARS-CoV-2; none of the animals in the study shed
detectable virus nor seroconverted after challenge.
Coyote oral swabs were positive for viral RNA on 2
dpi, but this result was not associated with isolation
of infectious virus and likely represents either resid-
ual inoculum or an infection below the limit of de-
tection. Hence, coyotes are unlikely to be competent
hosts for SARS-CoV-2.

The animals thus far found to be susceptible to
natural infection with SARS-CoV-2 have reflected
results from experimental challenge studies, so it is
reasonable to assume that our results can be extrap-
olated. Therefore, attention should be paid to red
foxes when considering wildlife species that might
serve as reservoir hosts for SARS-CoV-2. We dem-
onstrated that SARS-CoV-2-infected red foxes shed
infectious virus for multiple days in both oral and
nasal secretions; consequently, the ability of red
foxes to transmit SARS-CoV-2 to other susceptible
animals should be investigated. Because red foxes
commonly consume other species that are suscep-
tible to infection with SARS-CoV-2, predator-prey
interactions and scavenging might serve as av-
enues for interspecies transmission. Should wild-
life species such as red foxes become established
maintenance hosts of SARS-CoV-2, consequences
could include effects on animal health, develop-
ment of novel viral variants, and spillback into the
human population.

This article was preprinted at https:/ /www.biorxiv.org/
content/10.1101/2022.01.27.478082v1.
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Epidemiology of Infections with
SARS-CoV-2 Omicron BA.2 Variant,
Hong Kong, January—March 2022

Yonatan M. Mefsin, Dongxuan Chen, Helen S. Bond, Yun Lin, Justin K. Cheung, Jessica Y. Wong,
Sheikh Taslim Ali, Eric H.Y. Lau, Peng Wu, Gabriel M. Leung, Benjamin J. Cowling

Our analysis of data collected from multiple epidemics in
Hong Kong indicated a shorter serial interval and gen-
eration time of infections with the SARS-CoV-2 Omicron
variant. The age-specific case-fatality risk for Omicron
BA.2.2 case-patients without complete primary vacci-
nation was comparable to that of persons infected with
ancestral strains in earlier waves.

everal SARS-CoV-2 variants of concern have caused
large outbreaks of infection, including deaths, af-
ter the emergence of the ancestral strain in late 2019.
First detected in South Africa in November 2021, the
Omicron variants quickly became dominant across the
world, even in countries with high SARS-CoV-2 vacci-
nation coverage (1), probably attributable to enhanced
immune escape and increased transmissibility (2).
Hong Kong (population 7.4 million), a special ad-
ministrative region of China, applied intensive public
health and social measures to control 4 epidemic waves
during 2020-2021, in which 9,403 locally infected (non-
imported) cases (1.3 cases/1,000 population) and 207
fatalities occurred. During December 31, 2021-May
21, 2022, a total of 9,148 deaths and >1 million cases
largely caused by Omicron were reported in the fifth
pandemic wave (Figure 1, panel A, B, https:/ /wwwnc.
cdc.gov/EID/article/28/9/22-0613-F1.htm). The CO-
VID-19 vaccination program in Hong Kong began
in late February 2021 and uses the mRNA vaccine
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BNT162b2 (Pfizer-BioNTech, https://www.pfizer.
com) and the inactivated vaccine CoronaVac (Sinovac,
https:/ /www.sinovac.com). Approximately 10% of
the population had been vaccinated with 1 dose by late
April 2021, and coverage slowly increased thereafter.
The Omicron variant (BA.1) was first detected in Hong
Kong among 2 travelers in hotel quarantine in Novem-
ber 2021 (3), and a small community outbreak occurred
in early January 2022, linked to 2 aircrew members
infected overseas (4). Subsequently, Omicron BA.2.2
cases were reported in another quarantine hotel in
mid-January in an arriving traveler who was reach-
ing the end of a 21-day quarantine (5). Ultimately, a
large fifth wave dominated by BA.2.2 peaked in early
March 2022 after rising exponentially for >1 month,
with a doubling time of 3.1 days (Figure 1, panel C).
Virus sequencing conducted throughout the epidemic
indicated that the last local BA.1 cases were detected
in mid-January and 1 sporadic local Delta detection
occurred in late March (Leo Poon, University of Hong
Kong, pers. comm., email, May 28, 2022).

The Study
We analyzed contact-tracing data on reverse tran-
scription PCR-confirmed COVID-19 cases reported
during December 31, 2021-January 22, 2022, to es-
timate the serial interval and generation time for
Omicron  (Appendix, https://wwwnc.cdc.gov/
EID/article/28/9/22-0613-Appl.pdf). Given the 207
deaths that occurred in 9,403 locally infected case-
patients in the first 4 epidemic waves and 106 deaths
among 4,604 case-patients discharged from hospital
isolation in the early period of wave 5, we estimated
the age-specific case-fatality risk (CFR) for case-pa-
tients infected with ancestral strains compared with
Omicron-infected case-patients.

By using information on 80 case-patients (57
infected with BA.1 and 23 with BA.2) with known
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exposure and symptom onset information, we esti-
mated the mean (+SD) incubation periods to be 4.58
(+1.72) days for Omicron BA.1 and 4.42 (+1.42) days
for Omicron BA.2 (Appendix Table 1). For 43 symp-
tomatic infector-infectee pairs, we estimated the
mean (+SD) serial interval for BA.1 infections (n = 30)
as 3.30 (+1.95) days; median was 3.17 days. For BA.2
(n =13), the estimated mean (+SD) serial interval was
2.72 (+1.51) days; median was 2.52 days. We used
gamma distribution for estimates of BA.2 accounting
for the potential for epidemic phase bias (6) with a
growth rate of 0.25, because data were collected dur-
ing the early growth phase of the BA.2 epidemic.

In the early period of the fifth wave (on or be-
fore February 15, 2022), all reported COVID-19 cases
were only confirmed through reverse transcription
PCR conducted by Hong Kong’s Public Health Lab-
oratory Services, as in earlier waves (Figure 1; Ap-
pendix Figure 1). After accounting for unresolved
outcomes in some persons, we estimated that the
age-specific CFR for case-patients without comple-
tion of a primary series of vaccination in wave 5 was
comparable to that of case-patients confirmed in
waves 1-4 across all age groups (Figure 2; Appen-
dix Table 2). The highest fatality risk observed in
waves 1-4 for patients >80 years of age (24.9% [95%
CI120.9%-29.3%]) was similar to that for unvaccinat-
ed persons at the same age from wave 5 (21.7% [95%
CI 17.1%-26.8%]) (Figure 2). The CFR for persons
>80 years of age who had not completed a primary
series of vaccination in wave 5 was approximately
double the risk for persons in the same age group
who had completed a primary series (11.1% [95%
CI 4.2-22.6]). Among case-patients 65-79 years of
age, the CFR was 5.2% (95% CI14.1%-6.5%) in waves
1-4, 6.7% (4.3%-9.8%) in wave 5 with incomplete
primary series, and 0.7% (0.1%-2.4) with com-
plete primary series (Figure 2; Appendix Table 2).
The 8 deaths that occurred in adults >65 years of
age with a complete primary series of vaccination
were all in persons who had received 2 or 3 doses of
CoronaVac vaccine.

Conclusions

Our study estimated a relatively shorter serial inter-
val and generation time of the Omicron BA.2 sub-
variant in Hong Kong compared with earlier vari-
ants (7), which would have contributed to faster
spread in the population along with the higher in-
trinsic transmissibility. Our analysis was conducted
on a relatively small number of case pairs in the fifth
wave. Similar studies conducted in South Korea and
the Netherlands reported shorter mean incubation
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periods as low as 3.2 days (8) and serial intervals of
2.8-3.0 days (8,9). The peak of the fifth epidemic in
Hong Kong in early March despite no major change
in social distancing measures probably indicates
sufficient infections to create herd immunity, at least
temporarily, with subsequent infections overshoot-
ing that threshold (11).

Among all the deaths in persons whose age
was recorded through May 21 in Hong Kong, 92.7%
(8,482/9,146) occurred in persons >65 years of age
and 71.1% (6,500/9,146) in persons >80 years of age.
We found a generally similar fatality risk for unvac-
cinated case-patients across age groups in the early
period of the fifth wave compared with earlier waves,
although the CFR for Omicron cases in person >80
years of age without complete primary vaccination
series might be slightly lower than persons infected
with ancestral strains. This finding indicates that the
intrinsic severity of BA.2 may not be much lower
than the ancestral strain. Nonetheless, only 106 fatal
cases that occurred in the fifth wave were applied
in the analysis. Infections with the Omicron variant
were reported to have milder severity in South Africa
(12) and elsewhere (13,14), where most of the popu-
lation were either exposed to previous infections or
had been vaccinated. However, our estimates might
slightly overestimate the fatality risk of Omicron in

Figure 2. Age-stratified estimates of the case-fatality risk for
COVID-19 in epidemic waves 1-4 and wave 5 in Hong Kong

by vaccination status. Case-patients were classified as having
a complete primary series if they had received >2 doses of
COVID-19 vaccines >2 weeks before symptom onset (for
symptomatic case-patients) or >3 weeks before laboratory
confirmation of the infection (for symptomatic case-patients with
a missing onset date or asymptomatic case-patients), otherwise
as having an incomplete primary series. The COVID-19 vaccines
available in Hong Kong included BNT162b2 (Pfizer-BioNTech,
https://www.pfizer.com) and CoronaVac (Sinovac, https://www.
sinovac.com) vaccines.
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Hong Kong because a small number of cases of Delta
infection, including fatal cases, might have been in-
cluded in the analysis and some milder COVID-19
cases might not have been diagnosed and isolated yet
during the early period of the fifth wave.

The relatively high number of deaths in Hong
Kong’s fifth wave can be attributed to the high in-
cidence of infections within a short period and the
low level of vaccination coverage in older adults. Al-
though the overall vaccination coverage was 70% at
the start of the fifth wave, only 50% of persons >65
years of age and 20% of persons >80 years of age had
completed a primary series of vaccination. Vaccine
hesitancy in older adults in Hong Kong appeared to
be associated with low confidence in the government
and the concern about the risk for adverse events after
vaccination among persons with underlying medical
conditions (15). Overall, our findings highlight the
importance of achieving high vaccination coverage,
especially in older adults, and the need to reassess
public health and social measures in response to any
more transmissible SARS-CoV-2 variant in the future.
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Seroreversion, and Implications

for Seroepidemiologic Studies

Michael Loesche,! Elizabeth W. Karlson,* Opeyemi Talabi, Guohai Zhou, Natalie Boutin,
Rachel Atchley, Gideon Loevinsohn, Jun Bai Park Chang, Mohammad A. Hasdianda, Adetoun Okenla,
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Given widespread use of spike antibody in generating
coronavirus disease vaccines, SARS-CoV-2 nucleocap-
sid antibodies are increasingly used to indicate previous
infection in serologic surveys. However, longitudinal ki-
netics and seroreversion are poorly defined. We found
substantial seroreversion of nucleocapsid total immuno-
globulin, underscoring the need to account for serorever-
sion in seroepidemiologic studies.

stimating the incidence of infections caused by

SARS-CoV-2 that are frequently asymptomatic is
challenging when using routine passive surveillance
methods. Antibodies can provide a record of previous
infection, whether symptomatic or asymptomatic,
and serologic surveys that measure antibodies across
populations are routinely used for a variety of patho-
gens and are believed to provide key insights into the
epidemiology and transmission of SARS-CoV-2 (1-3).
However, antibody contraction and seroreversion
(loss of previously documented antibodies) may lead
to false-negative results, a potential issue as we move
into the third year of the SARS-CoV-2 pandemic (4).
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Seroepidemiologic studies can adjust for serorever-
sion when kinetics are well characterized, but lim-
ited data are available from >1 year after infection.
To characterize seroreversion and ease interpretation
of seroepidemiologic studies, we measured SARS-
CoV-2 nucleocapsid antibodies, a marker of previous
infection even among populations vaccinated with
spike-based COVID-19 vaccines, in a longitudinal
study of healthcare workers in the United States.

The Study

The Mass General Brigham Institutional Review
Board approved the study protocol (2020P000849).
Participants provided written consent to participate
in the study.

During April 28-September 30, 2020, a total of
2,358 employees of the Brigham and Women’s Hos-
pital (Boston, MA, USA) were enrolled in a longitu-
dinal SARS-CoV-2 cohort study. Blood samples were
collected at baseline, monthly for 3 months, and then
every 3 months through February 2022, up to 21
months after enrollment. Sociodemographic charac-
teristics (Appendix, https://wwwnc.cdc.gov/EID/
article/28/9/22-0729-Appl.pdf) were collected on
electronic questionnaires.

We tested serum samples by using the Diagnos-
tics Elecsys SARS-CoV-2 N Immunoassay (Roche,
https://www.roche.com), a double-antigen sand-
wich electrochemiluminescence total immunoglob-
ulin immunoassay that detects antibodies against
viral nucleocapsid protein. We performed assays
based on a cutoff index (>1.0) defined according

These first authors contributed equally to this article.
2These senior authors contributed equally to this article.
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to manufacturer’s guidance. An independent in-
house assay performance study that included 832
prepandemic negative controls and 251 PCR-pos-
itive samples showed a specificity of 99.6% (95%
CI 98.9%-100%) and a sensitivity of 90.8% (95% CI
81.3%-95.7%) for samples collected >14 (range 15-
68) days after symptom onset (5).

We extracted SARS-CoV-2 PCR test results and
dates from the Brigham Health electronic medical
record. PCR-positive date was defined as the date
of the first registered SARS-CoV-2 PCR-positive test
result. For 4 employees who had a positive SARS-
CoV-2 PCR test result outside the Brigham Health
system, the date of the COVID-19-positive result,
generated for all SARS-CoV-2-positive employees in
the Brigham Health electronic medical record, was
used as the PCR-positive date. To assess antibody ki-
netics, we used a generalized additive mixed-effect
model (GAMM) with the natural logarithm of anti-
body levels modeled as a function of time from first
positive PCR test result. To estimate the half-life,
we used a linear mixed-effects model (LMM) and
assumed constant exponential decay after the peak
level (Appendix).

A total of 125 (5.3%) of 2,358 study partici-
pants enrolled in the healthcare worker cohort
study were positive for nucleocapsid antibodies
during April 2020-January 2021, during predomi-
nantly wild-type SARS-CoV-2 circulation (6). Of
these participants, 110 (88%) had >1 samples col-
lected after an index seropositive sample and were
included in the analyses. A total of 687 unique
samples were collected from the 110 participants
(mean 6.3 samples/ participant). The median age of

Figure 1. Longitudinal
SARS-CoV-2 anti-N total
immunoglobulin kinetics among
SARS-CoV-2 PCR-positive
participants in a study of
healthcare workers in Boston,
Massachusetts, USA, 2020).
A) Individual study participant
(n = 74) total anti-N levels from
time of index PCR-positive

test result. Individual levels

are indicated by colored points
connected by a dotted line.

B) Fitted generalized additive
mixed-effect model depicting
estimate (solid black line), 95%
Cl (blue shaded area), and
95% prediction interval (gray
shaded area). Estimates are

participants was 33 (range 20-71) years; 94 (86%)
were female, 97 (88%) White, and 6 (5%) Hispanic.
The median body mass index was 24 kg/mm?
(range 19-42 kg/mm?).

A total of 74 (67%) of 110 participants had a posi-
tive SARS-CoV-2 RT-PCR test in the Mass General
Brigham electronic health record before the first sero-
positive sample; 96% were symptomatic (Appendix)
and 1 required hospitalization. Symptomatic status
was not assessed for study participants who did not
have a positive PCR test result because timing of in-
fections was unknown.

The mean peak cutoff index level for nucleocap-
sid antibodies among PCR-positive participants was
37 (95% C127-50) and occurred 72 days after the index
PCR-positive test result (Figure 1). Assuming con-
stant linear antibody contraction with the LMM ap-
proach, antibody half-life was estimated at 128 (95%
CI 114-146) days and mean time to seroreversion as
737 (95% CI 680-793) days. Antibody contraction and
seroreversion kinetics diverged between the LMM
and GAMM models; the nonlinear GAMM model
suggested more rapid contraction up to 1 year postin-
fection, followed by slower contraction and serorev-
ersion thereafter (Table; Figures 1, 2). We observed
a stepwise but nonsignificant trend toward a slower
relative decrease in concentration of nucleocapsid an-
tibodies among older age groups but not across body
mass index or sex (Appendix).

Conclusions

We report on the kinetics of SARS-CoV-2 nucleo-
capsid antibodies (total immunoglobulin) up to 21
months after infection and estimate peak antibody

truncated at 18 months given sparsity of later data points. Horizontal dashed red lines indicate the COI for seropositive (above) and
seronegative (below) results. The lower limits of detection (COI 0.07) are outside the figure frame. Anti-N, nucleocapsid antibodies; COI,

cutoff index.
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levels, kinetics, and rates of seroreversion by using
2 modeling methods. Both models suggest substan-
tial seroreversion by 18 months postinfection, and
half-life-based estimates suggest seroreversion of
~50% at 2 years.

Half-life-based approaches that assume constant
exponential contraction might underestimate serore-
version through the first year postinfection and over-
estimate seroreversion at later timepoints (Table). Us-
ing a GAMM model that tolerates variable antibody
contraction over time, we estimated that serorever-
sion was 1.4% /month during 4-12 months after infec-
tion, but 95% Cls were wide. Assuming contraction
remains relatively constant after an initial rapid de-
crease, an assumption supported by previous studies
on SARS-CoV-2 and other common human coronavi-
ruses (4), seroreversion would be 19% at 2 years and
35% at 4 years.

These findings suggested that serologic surveys
conducted >1 year after widespread SARS-CoV-2
transmission will be markedly affected by seror-
eversion. The total immunoglobulin immunoassay
used for this study shows more durable detection
of nucleocapsid antibodies than other formats,
particularly single isotope assays, and rates of se-
roreversion might be higher across other assay de-
signs (5,7). Total immunoglobulin immunoassays
specific for spike antibodies versus nucleocapsid
antibodies appear to provide improved durability
of antibody detection, and single isotype antispike
assays provide similar or lower durability than
total nucleocapsid immunoglobulin assays (7).
However, given the widespread use of spike-based

Figure 2. Longitudinal
SARS-CoV-2 total anti-N
immunoglobulin contraction
and estimated seroreversion
over time in a study of
healthcare workers in Boston,
Massachusetts, USA, 2020.
A) Consistency in contraction
of individual-level total anti-N
immunoglobulin levels over
time when indexed against
participants’ highest recorded
sample value. Includes
seropositive participants with
and without registered SARS-
CoV-2 PCR-positive test results
and with >1 sampling time

SARS-CoV-2 Nucleocapsid Antibody Kinetics

Table. SARS-CoV-2 nucleocapsid total immunoglobulin
seroreversion by GAMM and half-life methods, by months from
infection, among healthcare workers in Boston, Massachusetts,
USA, 2020*

Months GAMM, % (95% CI) Half-life, % (95% Cl)
4 0 (0—4.9) 0.6 (0.6-0.6)

6 2.7 (3.0-9.5) 1.2 (1.0-1.3)

8 5.5 (1.5-13.4) 2.1(1.8-2.6)

10 9.6 (3.9-18.8) 3.8 (2.9- 4.8)

12 11 (4.9-20.5) 6.2 (4.7-8.3)

14 12.3 (5.8-22.1) 9.8 (7.2-13.3)

16 13.7 (6.8-23.8) 14.8 (10.6-20.1)
18 15.1 (7.8-25.4) 21.1 (15.0-28.7)
24 NC 48.9 (36.1-62.1)

*The GAMM method estimates are restricted to observational data and
therefore not calculated more than 18 months postinfection. Half-life
method represents constant log linear antibody contraction with an
estimated peak total nucleocapsid antibody level that had a cutoff index of
37 and a half-life of 128 days. GAMM, generalized additive mixed model;
NC, not calculated.

COVID-19 vaccines, the utility of spike antibodies
for detection of previous infection in population-
level surveys is limited.

This study has several strengths, including a
mean of 6.3 unique sample time points/participant
that enables more precise demarcation of antibody
dynamics and a long study interval that includes
samples collected up to 21 months postinfection.
However, our cohort was based in the United Sates,
enrolled only adults, and overrepresented women
and White participants. Therefore, our findings
might not be generalizable. Peak antibody levels
were estimated for PCR-positive persons; lower
peak levels might be observed among seropositive
persons who do not provide a PCR-positive test
result, which would cause more rapid serorever-
sion than that we report. Data points >18 months

points after peak level (n = 90). Individual levels are indicated by colored points connected by a dotted line. Horizontal dashed red line
indicates the cutoff index for seropositive (above) and seronegative (below) results. The lower limit of detection (COI 0.07) is outside
the figure frame. B) Points indicating estimated rates of seroreversion from total anti-N immunoglobulin seropositive to seronegative
by 2-month intervals. The half-life estimate is based on peak total anti-N immunoglobulin level of 37 COI and half-life of 128 days.
Solid lines indicate quadratic polynomial trend; error bars indicate 95% Cls. Anti-N, nucleocapsid antibodies; COl, cutoff index; GAMM,

generalized additive mixed-effect model.
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postinfection are sparse, and antibody dynamics
might differ outside our measurement window.
Infections accrued during wild-type predomi-
nance, in the prevaccination setting, are assumed
to reflect a single infection. Antibody kinetics
might differ for infections caused by other SARS-
CoV-2 strains or after vaccine breakthrough or re-
peat infections (H.J. Whitaker et al., unpub. data,
https:/ /www.medrxiv.org/content/10.1101/2021.
10.25.21264964v1 full-text; D. Follman et al., unpub.
data, https://www.medrxiv.org/content/10.1101/
2022.04.18.22271936v1.full).

In summary, antibody seroreversion and the
global rollout of vaccines are increasingly useful con-
siderations when planning and interpreting SARS-
CoV-2 seroepidemiologic studies. Immunoassays
targeting the nucleocapsid protein can detect previ-
ous infection among populations vaccinated with
spike protein vaccines, but antibody contraction and
seroreversion are likely to be substantial as we move
into the third year of the pandemic. By characteriz-
ing seroreversion after SARS-CoV-2 infection, this
study provides provisional format-specific consid-
erations for interpreting and adjusting estimates of
previous infection for seroepidemiologic purposes.
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Creutzfeldt-Jakob Disease
Incidence, South Korea, 2001—-2019

Yong-Chan Kim, Byung-Hoon Jeong

We found increasing trends of Creutzfeldt-Jakob disease
(CJD) cases and annual incidence in South Korea during
2001-2019. We noted relatively low (5.7 %) distribution of
familial CJD. An unusually high percentage (*1%) of pa-
tients were in the 30—39 age group, which should prompt
a preemptive CJD control system.

Prion diseases are fatal, irreversible, and transmis-
sible brain proteinopathies caused by abnormal
aggregated prion protein (PrP*) converted from nor-
mal prion protein (PrP<), which is encoded by the pri-
on protein gene (PRNP) (1-3). The major type of hu-
man prion disease is Creutzfeldt-Jakob disease (CJD),
and several countries have reported increasing trends
in CJD cases and incidence (4).

CJD is subdivided into 3 types: sporadic, familial,
and iatrogenic (5-7). The most common type is spo-
radic CJD, which accounts for >85% of all CJD cases.
Familial CJD accounts for 10%-15% of all cases and
is caused by germline mutations of the human PRNP
gene, including D178N-M129V, V1801, E200K, V203,
and M232R. Iatrogenic CJD accounts for <1% of all
CJD cases and includes variant CJD, which is caused
by ingestion of beef products from bovine spongi-
form encephalopathy-affected cattle (7-9).

In South Korea, the Korea Centers for Disease
Control and Prevention (KCDC) has operated the
CJD surveillance system and issued epidemiologic
reports since 2001. In addition, except for variant
CJD, the surveillance system has reported all 3
types of CJD. Furthermore, CJD has been reported
annually and has exhibited increasing trends in case
numbers. However, no long-term estimation of the
various characteristics of CJD patients, including
onset age, sex, germline mutations of familial CJD,
or overall CJD incidence are available for South Ko-
rea. We conducted a study on CJD cases in South
Korea from 2001-2019 to assess case count and in-
cidence trends.

Authors affiliation: Jeonbuk National University, Jeonju, South Korea
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The Study

We collected data on CJD patients from Statistics
Korea (KOSTAT) (https://kostat.go.kr) and epide-
miologic reports issued by the KCDC (https://www.
kdca.go.kr). We analyzed the characteristics of CJD
patients in South Korea. In addition, we obtained
the global incidence of sporadic CJD from previous
studies and compared these with the incidence in
South Korea (4).

CJD diagnosis was performed according to
guidelines from the World Health Organization in
South Korea (10). During 2001-November 2010, CJD
was controlled through a sample monitoring system
centered in medical institutions in the country and
KCDC collected the C]JD-related data. Beginning
December 2010, CJD was designated as a statutory
infectious disease, and KCDC conducts a complete
epidemiologic investigation and monitors suspected
patients. CJD death rates in South Korea have not
been available.

The number of possible, probable, and definite
CJD diagnoses was not available during 2001-2015.
Among all cases during 2016-2019, KCDC reported 6
(3.2%) possible CJD cases, 179 (95.2%) probable cases,
and 3 (1.6%) definite cases. Genetic testing was per-
formed on all patients with diagnosed CJD.

We obtained population data stratified by age, re-
gion, sex, and year from KOSTAT. We used x*test to
determine statistically significant differences and per-
formed calculations in SAS version 9.4 (SAS Institute
Inc., https:/ /www.sas.com).

During 2001-2019, a total of 579 CJD cases were
reported in South Korea (Table). Of note, the annual
number of cases and CJD incidence in South Korea
exhibited an upward trend (Figure 1, Table). Among
579 cases, 545 (94.13%) were sporadic, 33 (5.7%) were
familial, and 1 (0.17%) was iatrogenic. Variant CJD
was not reported in Korea during 2001-2019 (Table).
During 2008-2019, a total of 31 familial CJD cases
were reported, as were 5 types of germline muta-
tions of the PRNP gene, including D178N-M129V,
V1801, E200K, V203l and M232R (Appendix Table 1,
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Table. Annual cases and incidence of CJD, Korea, 2001-2019*

Patients, Sex, no. (%) Subtypes, no. (%) Total
Year no. (%) M F p value Sporadic latrogenict  Variant Familial  population  Incidencef
2001 5 (0.86) 2 (40) 3 (60) 0.7498 5 (100) 0 0 0 47,370,164 0.11
2002 9 (1.55) 5 (55.56) 4 (44.44) 0.6162 9 (100) 0 0 0 47,644,736 0.19
2003 19 (3.28) 7(36.84) 12(63.16) 0.3756 19 (100) 0 0 0 47,892,330 0.40
2004 13 (2.25) 8 (61.54) 5(38.46) 0.3042 12(92.31) 0 0 1(7.69) 48,082,519 0.27
2005 15 (2.59) 7 (46.67) 8(53.33) 0.9705 14 (93.33) 0 0 1(6.67) 48,184,561 0.31
2006 19 (3.28) 11 (57.89) 8 (42.11) 0.3561 19 (100) 0 0 0 48,438,292 0.39
2007 18(3.11) 13(72.22) 5(27.78) 0.0360 18 (100) 0 0 0 48,683,638 0.37
2008 28(4.84) 15(53.57) 13(46.43) 0.5063 25 (89.29) 0 0 3(10.71) 49,054,708 0.57
2009 30(5.18) 13(43.33) 17(56.67) 0.6829 29 (96.67) 0 0 1(3.33) 49,307,835 0.61
2010 29(5.01) 14(48.28) 15(51.72) 0.9057 28 (96.55) 1 (3.45) 0 0 49,554,112 0.59
2011 29(5.01) 15(51.72) 14(48.28) 0.6302 26 (89.66) 0 0 3(10.34) 49,936,638 0.58
2012 45(7.77) 23(51.11) 22(48.89) 0.6083 42 (93.33) 0 0 3(6.67) 50,199,853 0.90
2013 34(5.87) 13(38.24) 21(61.76) 0.3112 31(91.18) 0 0 3(8.82) 50,428,893 0.67
2014 65(11.23) 31(47.69) 34(52.31) 0.9338 62 (95.38) 0 0 3(4.62) 50,746,659 1.28
2015 33(5.70) 17(51.52) 16(48.48) 0.6252 33 (100) 0 0 0 51,014,947 0.65
2016 43 (7.43) 16 (37.21) 27(62.79) 0.2073 173(92.02)8 0 0 15(7.98) 51,217,803 0.84
2017 38(6.56) 13(34.21) 25(65.79) 0.1213 NA NA NA NA 51,361,911 0.74
2018 54(9.33) 26 (48.15) 28(51.85) 0.8883 NA NA NA NA 51,606,633 1.05
2019 53(9.15) 24 (45.28) 29 (54.72) 0.7943 NA NA NA NA 51,709,098 1.02
Total 579 (100) 273 (47.15) 306 (52.85) NA 545 (94.13) 1(0.17) 0 33 (5.70) NA NA

*CJD includes possible, probable, and definite CID diagnoses. Bold indicates statistical significance (p<0.05). CJD, Creutzfeldt-Jakob disease; NA, not

applicable.

TThe source of transmission for the iatrogenic CJD case is dura mater graft.
fCases per 1 million population.

§Reported cases and subtypes of CJD in South Korea, 2016—-2019.

Figure 1, https://wwwnc.cdc.gov/EID/article/28/
9/21-2050-Appl.pdf).

During 2011-2019, a total of 394 cases of CJD
were reported in South Korea; 162 (41.12%) among
persons >70 years of age, 129 (32.74%) among persons
60-69 years of age, 75 (19.04%) among persons 50-59
years of age, 23 (5.84%) among persons 40-49 years of
age, and 5 (1.27%) among persons 30-39 years of age
(Appendix Table 2, Figure 2). Of note, the distribution
of CJD cases by age in South Korea was significantly
different in 2011 compared with 2011-2019 (p<0.05).
In particular, the distribution of CJD in the 40-49 year
age group in 2011 (17.24%) was ~2.9 times higher than
that of the 40-49 age group during 2011-2019 (5.84%).

Overall, Gyeonggi Province had the highest num-
ber of CJD cases (88, 22.34%), along with the cities of

Seoul (83 cases, 21.07%), Busan (25 cases, 6.35%), and
Daegu (25 cases, 6.35%). Sejong (2 cases, 0.51%) and
Jeju (2 cases, 0.51%) had the fewest CJD cases, and Ul-
san (7 cases, 1.78%) and Gwanju (8 cases, 2.03%) also
had fewer cases than other cities (Appendix Table 3).
Chungnam Province had the highest CJD incidence
(1.21 cases per million population), along with the cit-
ies of Sejong (1.19 cases per million population) and
Daegu (1.13 cases per million population). The city of
Jeju had the lowest CJD incidence (0.37 cases per mil-
lion population), and Gwangju (0.59 cases per million
population) and Incheon (0.62 cases per million pop-
ulation) also had low incidence (Figure 2, panel A).
We compared the incidence of sporadic CJD in
South Korea with the global incidence. Switzerland
had the highest incidence (1.73 cases per million

Figure 1. Annual incidence of Creutzfeldt-Jakob disease, South Korea, 2001-2019. A) Total number of reported cases per year and sex.

B) Annual incidence per million population.
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Creutzfeldt-Jakob Disease Incidence, South Korea

Figure 2. Creutzfeldt-Jakob disease (CJD) incidence, South Korea and globally, 2001-2019. A) Number of cases and incidence per
million persons in cities and provinces of South Korea, including probable, possible, and definite CJD diagnoses. B) Global number of
sporadic CJD cases and incidence per million population by country (4). Sporadic CJD incidence for South Korea is from this study.

population), but incidence was also high in France
(1.6 cases per million population) and Austria (1.52
cases per million population). Estonia had the low-
est incidence of sporadic CJD at 0.32 cases per million
population. By comparison, incidence of sporadic
CJD in South Korea was extremely low, 0.54 cases per
million population (Figure 2, panel B).

Conclusions
In this study, we found increasing trends in CJD rates
in South Korea during 2001-2019. These increasing
trends might be the result of advanced diagnostic
technology and capacity, more neurologic specialists,
an increase in the average age of the population, or a
combination of these factors. In addition, designation
of CJD as a statutory infectious disease might have
affected increased reporting. Nonetheless, further
research could investigate the CJD incidence trend
through the country’s high-level surveillance system.
In addition, we observed that 1% of CJD pa-
tients in South Korea were in the 30-39-year age
group (Appendix Figure 2). Because the average
age of onset of familial CJD is over 50, younger CJD
patients in the 30-39-year age group are extremely
unusual (11,12). However, the exact subtypes of CJD
(sporadic or variant) for each CJD patient in this age

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 28, No. 9, September 2022

group were not available. Previous studies have re-
ported variant CJD occurring at a relatively younger
age than familial and sporadic CJD (7-9). Thus, fur-
ther in-depth investigation of the subtypes of CJD
among younger age groups is essential to determine
causes of CJD in this age group and devise preven-
tion strategies.

In conclusion, we identified increasing trends
of CJD cases and incidence in South Korea during
2001-2019. We investigated CJD cases by subtype
and found a relatively low (5.7%) distribution of fa-
milial CJD. Of note, sporadic CJD incidence was only
0.54 cases per million persons. In addition, we inves-
tigated the distribution of CJD patients by sex, age
group, and region and found the highest incidence in
the Chungnam region. A comprehensive long-term
investigation could shed light on the characteristics
of CJD in South Korea and help KCDC construct a
preemptive control system.
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Zoonotic Ancylostoma ceylanicum
Hookworm Infections, Ecuador

William J. Sears,! Jorge Cardenas,! Joseph Kubofcik, Thomas B. Nutman, Philip J. Cooper

Ancylostoma ceylanicum hookworms are zoonotic para-
sites that can infect humans. To detect autochthonous
transmission, we analyzed human fecal samples collect-
ed in 2000. Multiparallel quantitative PCR detected infec-
tion in persons who had never traveled outside Ecuador.
These data indicate human transmission of A. ceylanicum
in the Americas, although endemicity remains unknown.

ncylostoma ceylanicum hookworms can infect hu-

mans and have been increasingly recognized as
endemic among humans living or traveling to the
Asia-Pacific region (1). Although A. ceylanicum hook-
worms are known to infect dogs and cats globally,
locally acquired human infections have not been re-
ported by persons who have never traveled outside
of North or South America. Previous evidence for the
potential presence of A. ceylanicum hookworms in hu-
mans in the Americas is derived from 3 observations:
1) a 1922 autopsy study from northern Brazil identi-
fied zoonotic Ancylostoma spp. adult hookworms in
human intestines when morphologic differentiation
of A. ceylanicum from A. braziliense was still a matter
of debate (2); 2) a molecular analysis of fecal samples
from patients at hospitals in France identified A. cey-
lanicum hookworms in 2 samples, one in a migrant
from Colombia and the other in a traveler returning
from French Guiana (3); and 3) diffuse subacute uni-
lateral neuroretinitis in a child adopted from Colom-
bia and living in Germany was molecularly identified
as A. ceylanicum infection (4). One report describes
A. ceylanicum identified morphologically in domestic
animal populations in South America that originated
in Surinam, but no molecular methods were used (5).
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Such reports, although suggestive, do not pro-
vide definitive evidence for autochthonous trans-
mission of A. ceylanicum hookworms to humans in
the Americas. We used molecular methods to iden-
tify autochthonous infections with A. ceylanicum in
humans who had no history of travel outside Ecua-
dor and who lived in a region of the country where
soil-transmitted helminths are endemic. The study
protocol was approved by the ethics committees of
St George’s Hospital Medical School, London, United
Kingdom, and the Foundation Salud y Desarollo An-
dino, Quito, Ecuador. Informed written consent was
obtained from adult participants or from the parents
or legal representatives of child participants.

The Study

In 2000, we collected fecal samples from a convenience
subsample of preschool children, schoolchildren, and
daycare staff in a larger cross-sectional study of the
relationship between soil-transmitted helminth infec-
tions and allergy among urban and rural populations
living in the Provinces of Pichincha and Esmeraldas,
Ecuador. The subsamples represented settings con-
sidered to be at high risk for helminth infection (6).
(Appendix Figure 1, https:/ /wwwnc.cdc.gov/EID/
article/28/9/22-0248-Appl.pdf). We analyzed single
frozen samples from 230 participants with a median
age of 9 years (mean age 11, range <1 to 63 years);
40.4% were male and 69.6% were living in an urban
setting (town of San Lorenzo). None of the study par-
ticipants had a history of travel outside Ecuador.

The samples were thawed and ~250 mg was
transferred into collection microtubes in a 96-well for-
mat (QIAGEN, https://www.qiagen.com). We per-
formed initial sample lysis by using a TissueLyzer 1l
bead mill (QIAGEN) with 5-mm stainless steel beads.
We performed high-throughput DNA extraction on a
QiaSymphony (QIAGEN) instrument by using a Pow-
erFecal Pro Kit (QIAGEN), following the manufactur-
er’sinstructions withminormodifications (i.e.,samples

These authors contributed equally to this article.
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were pretreated with only the proprietary buffer
CD1, and steps involving pretreatment with buffer
CD2 were omitted to expedite the high-throughput
protocol). All samples were extracted after an internal
control was added as reported previously (7).

We prepared high-throughput, multiparallel
quantitative PCR (qPCR) reactions by using 3.5 pL
of Tagman Fast Advanced Master Mix (QIAGEN), 2
pL water, and 1 pL of a PrimeTime qPCR Probe As-
say (Integrated DNA Technologies, https://www.
idtdna.com) with forward primer, reverse primer,
and probe at a final reaction concentrations of 500
nmol/L, 500 nmol/L, and 250 nmol/L, respectively.
A 96-well qPCR master plate was prepared for each
respective target (Ascaris lumbricoides/suum [8], A.
ceylanicum [9], Strongyloides stercoralis [10], Trichuris
trichiura [11], Necator americanus [11], and Ancylos-
toma duodenale [11]), and 6.5 pL of the gPCR solution
was transferred to a 384-well plate with a Beckman
Coulter liquid handler (Beckman Coulter, https://
www.beckmancoulter.com) and subsequently fro-
zen at -80°C until use. After DNA elution, we used
the liquid handler to transfer 2 pL of eluted DNA
into a 384-well plate preloaded with the qPCR re-
agents. After brief centrifugation, the sample reac-
tions were run on a ViiaA7 Real Time PCR System
(Thermo Fisher Scientific, https:/ /www.thermofish-
er.com). Genomic DNA or plasmids served as posi-
tive reaction controls.

We first amplified the hookworm internal tran-
scribed spacer (ITS) 1, 5.8s, and ITS2 regions by us-
ing primers and cycling conditions as described pre-
viously (12). After PCR amplification, we prepared
the amplicon library for sequencing by using the

Nanopore Ligation Sequencing Kit (SQK-LSK109;
Oxford Nanopore Technologies, https://nano-
poretech.com) according to the manufacturer’s in-
structions. The prepped library was loaded into an
R9.4 flow cell and sequenced on a MinlON device
(Oxford Nanopore Technologies). We base called
sequences by using Guppy Software, version 4.5.4
(Oxford Nanopore Technologies), and we deter-
mined consensus sequences by using NGSpeciesID
with the following parameters: -ont -sample size
300 -m 330 -s 50 -consensus -medaka (13). We per-
formed alignment to reference analysis by using
Geneious Prime 2021.02 (Biomatters, Ltd, https://
www.geneious.com). In addition, the cyclooxygen-
ase 1 region was PCR amplified by using previ-
ously reported primers and then Sanger sequenced
(Quintara Biosciences, https://quintarabio.com)
(14). We produced a phylogenetic tree of ITS and
cox1 sequences by using the maximum-likelihood
method performed in Geneious Prime 2021.02 with
bootstrapping x 1,000 (15).

Of samples tested, hookworm infection was de-
tected in 88 (38.3%) samples, of which 85 were in-
fected with N. americanus (37.0%), 6 with A. ceylani-
cum (2.6%), and none with A. duodenale hookworms.
Prevalence rates for other soil-transmitted helminth
infections were Ascaris [umbricoides (63.9%) T. trichi-
ura (69.7%), and S. stercoralis (15.2%). Cycle threshold
values for A. ceylanicum-positive fecal samples de-
tected by qPCR ranged from 25.2 to 37.6. We strati-
fied distributions of sociodemographic factors and
soil-transmitted helminth co-infections according to
presence versus absence of A. ceylanicum or N. ameri-
canus hookworm infections (Table).

Table. Sociodemographic and soil-transmitted helminth co-infection characteristics of 230 persons for whom fecal samples were

examined, Ecuador*

Ancylostoma ceylanicum

Necator americanus

Variable Uninfected, n =224  Infected, n =6 Uninfected, n =145  Infected, n = 85
Median age, y (range) 9 (<1-53) 4 (1-12) 10 (<1-63) 9 (<1-48)
Sex

M, n=93 89 (39.7) 4 (66.7) 54 (37.2) 46 (54.1)

F,n=137 135 (60.3) 2 (33.3) 91 (62.8) 39 (45.9)
Residence

Rural, n =70 70 (31.2) 0 25(17.2) 45 (52.9)

Urban, n = 160 154 (68.8) 6 (100) 120 (82.8) 40 (47.1)
STH co-infections

Ascaris lumbricoides, n = 147 142 (63.4) 5(83.3) 74 (51.0) 73 (85.8)

Trichuris trichiura, n = 160 154 (68.8) 6 (100) 4 (64.8) 66 (77 7)

Strongyloides stercoralis, n = 35 32 (14.3) 50.0 (3) 29 (20.0) 6(7.1)

N. americanus, n = 85 82 (36.8) 50.0 (3) NA NA

A. ceylanicum,n =6 NA NA 3(2.1) 6(7.1)
No. co-infecting species

0,n=22 22 (9.8) 0 22 (15.2) 0

1,n=62 62 (27.7) 0 59 (40.7) 3(3.5)

>2,n =146 140 (62.5) 6 (100) 64 (44.1) 82 (96.5)

*Values are no. (%) except as indicated. Data are stratified according to presence versus absence of A. ceylanicum or N. americanus hookworm

infections. STH, soil-transmitted infection; NA, not applicable.
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We successfully performed hookworm ITS1, 5.8S,
ITS2 PCR amplification and amplicon sequencing on
2 of 6 A. ceylanicum-positive samples. The consen-
sus sequences (GenBank accession nos. ON773142,
ON773142) obtained from these 2 samples were >99%
identical to the corresponding unique A. ceylanicum
sequence targeted by the qPCR (Appendix Figure 2).
We prepared a phylogenetic tree comparing known
ITS1 sequences of A. ceylanicum, A. duodenale, Ancy-
lostoma braziliense, and Ancylostoma caninum hook-
worms, including the consensus sequences from
these 2 positive samples (referred to as being from
subjects A and B; Appendix Figure 3). We also com-
pared the phylogeny of cox1 gene sequences for A.
ceylanicum hookworms from this study (A. ceylanicum
accession nos. ON773158) with isolates of the parasite
from Asia (Appendix Figure 4).

Conclusions

We identified A. ceylanicum hookworm infection in 6
study participants who lived in an urban setting in
Esmeraldas Province and had not traveled outside
of Ecuador. All infections were detected in children
in a marginalized urban setting where overcrowding
is typical and hygiene standards are poor. Although
the study was limited by small sample size and geo-
graphic restriction, the data provide evidence for
autochthonous transmission of A. ceylanicum hook-
worm to humans in the Americas.
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Ancylostoma ceylanicum
Hookworms in Dogs,
Grenada, West Indies

Patsy A. Zendejas-Heredia,* Vito Colella,® Maxine L. A. Macpherson,
Wayne Sylvester, Robin B. Gasser, Calum N. L. Macpherson, Rebecca J. Traub

Ancylostoma ceylanicum hookworms are recognized
agents of human infection in the Asia—Pacific region.
We investigated prevalence of zoonotic hookworm infec-
tions in dogs in Grenada in 2021; 40.8% were infected by
hookworms, including Ancylostoma ceylanicum. Surveil-
lance of this parasite in dogs and humans is needed in
tropical/subtropical countries in the Americas.

ookworms are blood-feeding enteric parasites

that infect >700 million persons worldwide and
cause detrimental health outcomes such as iron de-
ficiency anemia, protein malnutrition, and impaired
growth, particularly in children (). Although most
infections are attributed to anthroponotic species of
hookworm, dogs serve as a reservoir for transmission
of zoonotic species to humans (1,2). Of those hook-
worm species, only Ancylostoma ceylanicum can com-
plete its life cycle in humans and dogs; both species of
mammals contribute to environmental contamination
with eggs (1).

Traditionally, the diagnosis of hookworm infec-
tion has relied on detectiing eggs in fecal samples (3).
Because of the morphologic similarity of hookworm
eggs, it is not possible to definitively differentiate
these parasites at the species level by light micros-
copy alone (1,3). In the past decade, copromolecular
tools, such as multiplex quantitative real-time PCR
(M-gPCR), have enabled molecular differentiation of
hookworm species in fecal samples from dogs and
humans (I). These molecular tools are contributing to
knowledge of the distribution of these parasites, par-
ticularly A. ceylanicum, which is now recognized as

Author affiliations: The University of Melbourne, Parkville, Victoria,
Australia (P.A. Zendejas-Heredia, V. Colella, R.B. Gasser,

R.J. Traub); St. George’s University, St. George’s, Grenada
(M.L.A. Macpherson, W. Sylvester, C.N.L. Macpherson)

the second most common species infecting humans in
the Asia-Pacific region (2). Despite early reports of A.
ceylanicum hookworms in humans in Brazil, in dogs
in Suriname in the early 1900s (1,4), and recently in
a child living in Germany who most likely acquired
the infection while in Colombia (5), endemicity of this
parasite in dogs in the Americas has not been molecu-
larly confirmed.

Grenada is a tropical small island developing
state located in the West Indies and comprises 3 main
islands (Grenada, Carriacou, and Petite Martinique)
and many smaller uninhabited islands (6). Grenada
has a population of #112,579 persons, 23.2% of whom
are children <14 years of age (6) and of ~35,000 dogs,
a high proportion of which are pothounds (strays,
mongrels) that roam freely; few receive veterinary
care or anthelmintic treatment (7).

We applied molecular tools to investigate the
presence of zoonotic hookworms in 220 dogs from
6 parishes in Grenada. The Institutional Animal
Care and Use Committee of the St. George’s Uni-
versity, Grenada, approved the study (approval
no.: JACUC-21001-R).

The Study

Fecal samples collected from the rectal ampulla of 220
dogs were preserved in 70% ethanol for molecular
analysis. We isolated genomic DNA from the sam-
ples (=200 mg each) by using the QIAmp PowerFecal
Pro DNA Kit (QIAGEN, https://www.qiagen.com),
eluted into 50 pL (instead of 100 pL) of solution C6,
and then stored the samples at -20°C. To differentiate
the hookworm species, we subjected individual DNA
samples to M-qPCR (3) and analyzed and displayed
the data by using GraphPad Prism version 8.0 (Graph-
Pad, https:/ /www.graphpad.com). Samples positive
for A. ceylanicum hookworm DNA by quantitative

DOI: https://doi.org/10.3201/eid2809.220634
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PCR underwent conventional PCR and Sanger se-
quencing targeting a partial region of the cytochrome
oxidase subunit 1 (cox1) gene as previously described
(8). To analyze sequences, we used Geneious prime
2021, version 2.2 (https:/ /www.geneious.com).

Overall, of the 211 samples for which DNA iso-
lation was successful, 40.8% (95% CI 34.1%-47.3%)
were positive for >1 hookworm species: 27.5% (95%
ClI 21.4%-33.5%) A. caninum, 4.7% (95% CI 1.87%-
7.61%) A. ceylanicum, and 8.5% (95% CI 4.76%-12.3%)
both parasites. Neither A. braziliense nor Uncinaria
stenocephala DNA was detected (Figure). BLAST
(https:/ /blast.ncbi.nlm.nih.gov) analyses of cox1
sequences showed 100% nt identity with sequences
of A. ceylanicum hookworms isolated from humans
(GenBank accession nos. MK7928230-35) and dogs
(GenBank accession no. LC533320). A representative
cox1 sequence of A. ceylanicum hookworms found in
this study was deposited in GenBank under accession
no. OP077312.

Conclusions

Molecular analysis identified A. ceylanicum hook-
worms in dogs in the Americas. In the past decade,
unexpectedly high prevalence and distribution of A.
ceylanicum hookworms in dogs, wildlife, and humans
has been reported mainly in the Asia-Pacific region
but also in Africa (1,2,9). A. ceylanicum was errone-
ously considered synonymous with A. braziliense,
until the 2 hookworm species were differentiated on
the basis of configuration of the lateral bursal rays of
the male (1). Hence, the “emergence” of A. ceylanicum
hookworms may be associated with the increased use
of molecular tools to specifically identify and differ-
entiate these parasites in areas where multiple species
of hookworm co-exist (1,2).

In the Americas, A. ceylanicum hookworms have
not been considered etiologic agents of human infec-
tion, despite isolation of adult worms in 4 of 64 hu-
man cadavers in the Amazonas, Brazil, in the early
1920s and, more recently, reported detection of this
parasite in travelers returning from countries in Lat-
in America (e.g., Colombia and French Guiana) to
France (1,5,10). Of note, the geographic distribution
of A. ceylanicum hookworms in dogs strongly mirrors
that in humans in the Asia-Pacific region (2). To date,
only a few coproscopic studies of hookworms in dogs
in Grenada have been undertaken (11), but absence
of molecular investigation raises questions as to the
specific identity of the hookworms on the island.

In humans, other species of hookworms of ca-
nids can cause hookworm-related cutaneous larva
migrans. A. braziliense hookworms cause severe

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 28, No. 9, September 2022

A. ceylanicum Hookworms in Dogs, Grenada

serpiginous “creeping eruptions,” and A. caninum
hookworms cause peripheral eosinophilia and
aphthous ileitis (1). Although recent cases of long-
lasting hookworm-related cutaneous larva migrans
have been reported in the Caribbean, including
Grenada (11,12), Martinique, Jamaica, and Bra-
zil (1), we did not detect A. braziliense hookworm
infection in our canine cohort. Nonetheless, cases
of hookworm-related cutaneous larva migrans
in some countries in Latin America have been at-
tributed to hookworms of canids, despite lack of
molecular evidence. For instance, 4 cases were de-
tected in 1983 during a hookworm outbreak among
US military soldiers returning from Grenada, but
the etiology of these infections was not established
(11). Furthermore, although some circumstantial
evidence indicates that A. caninum hookworms
cause patent infections in humans (9,13), molecular
evidence is lacking, which is particularly pertinent
given the close genetic relatedness of A. caninum
and A. duodenale hookworms (1,13). Thus, use of
molecular methods to specifically detect, identify,
and differentiate is crucial for surveillance of hook-
worm infections/disease in dogs and humans and
for monitoring the success of control campaigns in
hookworm-endemic areas (14).

Figure. Proportion of dogs infected with zoonotic hookworms in
Grenada, 2021, determined by using multiplex quantitative real-time
PCR. Error bars indicate 95% CI. A., Ancylostoma; U., Uncinaria.

1871



DISPATCHES

Molecular detection of A. ceylanicum and A.
caninum and the absence of A. braziliense hook-
worms in dogs in Grenada demonstrates the value
of using molecular techniques to accurately iden-
tify hookworm species in dogs and humans living
in the Americas. The climate in Grenada is similar
to that in other countries where prevalence of zoo-
notic hookworms is high (1,6,15). According to the
World Bank in Grenada, 34.3% of its population still
live in households considered multidimensionally
poor, where solid waste management and public
sewer systems remain inadequate (6). Those factors,
together with lack of appropriate veterinary care for
dogs and closeness of human-dog interactions, fa-
vor transmission of zoonotic pathogens to humans.
Given the significance of A. ceylanicum hookworms
as agents of human hookworm infection in the Asia-
Pacific region (1,2), we advocate for active surveil-
lance of this zoonotic parasite in dogs and humans
living in tropical and subtropical countries in the
Americas by using reliable molecular diagnostic
tools targeting appropriate genetic markers.

Collection of samples for this study was funded by a
grant from the Windward Islands Research and Education
Foundation.
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Evaluation of Effectiveness
of Global COVID-19
Vaccination Campaign

Daihai He,* Sheikh Taslim Ali,* Guihong Fan, Daozhou Gao, Haitao Song,
Yijun Lou, Shi Zhao, Benjamin J. Cowling, Lewi Stone

To model estimated deaths averted by COVID-19 vac-
cines, we used state-of-the-art mathematical model-
ing, likelihood-based inference, and reported CO-
VID-19 death and vaccination data. We estimated
that >1.5 million deaths were averted in 12 countries.
Our model can help assess effectiveness of the vac-
cination program, which is crucial for curbing the
COVID-19 pandemic.

he real-time evaluation of the effectiveness of

vaccination campaigns at the population level
is essential for public health policy makers and sci-
entists working toward successful mitigation of the
COVID-19 pandemic. Vaccination coverage against
SARS-CoV-2 has increased globally and become
even more crucial because of the emergence of vari-
ants of concern that have increased transmissibil-
ity and lethality (1). We assessed population-level
effects of the COVID-19 vaccination campaign in
12 countries worldwide before November 14, 2021.
Our modeling framework enabled us to disentan-
gle the effects of vaccination and a time-varying
transmission rate. We also fit the model to multiple
waves of death in these countries before the Omi-
cron variant was detected.
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The Study
We developed a transmission modeling approach to
analyze diverse spatiotemporal datasets from differ-
ent countries and attempted to evaluate the COVID-19
vaccination campaign in real time by adapting our re-
lated earlier work (2). The COVID-19 pandemic con-
tinues to be complex because of various short-term en-
forcements of public health and social measures (e.g.,
lockdowns), emergence of new virus variants, shifts in
age profiles of infected persons, availability of multiple
vaccines with different effectiveness, reinfection, and
other factors. However, many of these factors are re-
flected in the key measure, the time-varying transmis-
sion rate, f}(t), which characterizes the changes in con-
tact pattern in the population over time. Vaccination
is intended to reduce the susceptibility of the popula-
tion to the disease. Disentangling real-time variation in
p(t) and the effectiveness of vaccination is crucial for
assessing the vaccination program and might only be
achievable through mathematical modeling.
Country-specific mortality data generally pro-
vide a more reliable characterization of the key epi-
demic dynamics than data on reported confirmed
COVID-19 cases, which rely on widely different test-
ing and reporting systems that can vary temporally
and spatially and be subject to various ascertainment
rates. For our analysis, we obtained data from the
World Health Organization, including daily con-
firmed COVID-19 death numbers (3,4) and the pro-
portion of the population fully vaccinated (2 doses)
for 12 countries: the United Kingdom, Italy, the
United States, Spain, Russia, France, India, Brazil, Co-
lombia, Mexico, Germany, and Canada (5). We used
a partially observed Markov process (6) model and
maximum-likelihood-based iterative filtering tech-
nique to fit and make predictions on the mortality

1These authors contributed equally to this work.
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data by susceptible-exposed-infectious-recovered-
type models (Appendix, https://wwwnc.cdc.gov/
EID/ article/28/9/21-2226-Appl.pdf).

We estimated the transmission rate, f(t), which
reflects the simultaneous effect of all possible inter-
ventions, excluding vaccination, over the study pe-
riod. The model assumed a 14-day delay between
the 2 vaccine doses and the time for the vaccine to
take effect. We set the unified vaccine efficacy (VE;
represented by 7) at 85% and examined vaccine effec-
tiveness from 75% to 95% (Appendix). The COVID-19
surveillance data we used were originally collected
from public domains; thus, neither ethical approval
nor patient consent was applicable.

To evaluate effectiveness of vaccination and the
lives saved, we compared the final model fit and sim-
ulations of the baseline scenario of vaccination to the
counterfactual scenario of without vaccination by set-
ting VE to 77 = 0. Vaccination coverage was defined as
the proportion of the country’s population that was
fully vaccinated (i.e., either receiving 2 vaccine doses

Figure. Deaths averted because of vaccination according to

a model used to evaluate effectiveness of global COVID-19
vaccination campaign. The graph represents the difference in total
deaths under the counterfactual scenario (without vaccination) and
under the baseline scenario (with vaccination) as a percentage

of the population. We compared 5 counterfactual scenarios

under without-vaccination in which we set the transmission rates
after April 16, 2021, to reduce by 0, 10%, 15%, 20%, and 50%
compared with the baseline scenario. The y-axis 0.3% means 3
persons per 1,000 population were saved from COVID-19-related
death because of vaccination. The absolute value of negative
deaths averted results from substantial reduction in transmission
rate, rather than vaccination. B(t), time-varying transmission rate;
BRA, Brazil; CAN, Canada; COL, Colombia; DEU, Germany; ESP,
Spain; FRA, France; GBR, Great Britain (United Kingdom); IND,
India; ITA, Italy; MEX, Mexico; RUS, Russia; USA, United States.
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or receiving 1 vaccine dose after infection). We plot-
ted vaccination coverage as a function of time for the
12 countries (Appendix Figure 1).

We compared and fitted the model to data on
weekly confirmed waves of COVID-19 deaths in the
12 countries during 2020-2021 and reconstructed
transmission rates (Appendix Figure 1, panels A-I).
We then used the model to reconstruct COVID-19
deaths that would have occurred in these countries in
the hypothetical without-vaccination counterfactual
scenario (i.e.,, in complete absence of vaccination).
Thus, we could compare the observed mortality rate
against that of the model’s without-vaccination sce-
nario (Appendix Figure 1).

We found that vaccination campaigns saved the
lives of up to 1,822,670 (0.069% of the total popula-
tion) persons in these 12 countries (Appendix Table
2). For instance, the United States reported 416,842
confirmed deaths during January 1-November 14,
2021 (Appendix Figure 1, panel E). According to the
model’s without-vaccination predictions, had the
United States not initiated a vaccination program,
1,102,958 deaths would have occurred there during
the same time frame. Thus, vaccination saved 686,115
lives (0.2% of the population) in the United States
during the study period. The model estimated that
vaccination averted 182,464 (0.27% of the population)
deaths in the United Kingdom; 109,367 (0.23% of the
population) deaths in Spain; 78,969 (0.2% of the pop-
ulation) deaths in Canada; and 96,008 (0.16% of the
population) deaths in Italy. Vaccination coverage in
each of these countries was >60% (Appendix Table 2).

Vaccination seems to have prevented severe Del-
ta waves in Italy, France, Germany, and Canada dur-
ing the second half of 2021 (Appendix Figure 1). For
Russia, India, Brazil, Colombia, and Mexico, where
vaccine coverage was relatively low or delayed, vac-
cination had only a mild effect on the epidemic dy-
namics and mortality rates (Appendix Table 2).

Widely available vaccines might encourage
risky behavioral practices among the population,
which might be less prevalent in the absence of a
countrywide vaccination campaign. Our idealized
reconstruction method ignores this possibility and
might have led to overestimation of both the trans-
mission rate in the without-vaccination scenario and
the number of deaths averted (7). To examine this
possibility further, we plotted the changes in deaths
averted by vaccination as a percentage of the popu-
lation as calculated for 5 levels of transmission rate
reduction (Figure). The reductions are intended to
compensate for risky behaviors persons might en-
gage in when vaccinated. We considered these as

Emerging Infectious Diseases * www.cdc.gov/eid * Vol. 28, No. 9, September 2022



5 counterfactual without-vaccination scenarios in
which transmission rates after April 16, 2021, were
reduced to 0 (scenario 1), 10% (scenario 2), 15% (sce-
nario 3), 20% (scenario 4), and 50% (scenario 5) of
the level of transmissibility in the baseline scenar-
io. These counterfactual scenarios were intended
to show that any overestimation of deaths averted
based on the idealized counterfactual scenario 1 (0
reduction) was generally minimal unless the trans-
mission rate was reduced by >25% (Appendix).

We conducted additional sensitivity analyses on
the model performance and counterfactual scenarios
to explore parameter ranges and several different
model structures, constructing more complex models
of imperfect vaccination (Appendix Tables 1-3, Fig-
ures 2, 3). Our estimates of deaths averted show rea-
sonable robustness to changes in the model structure
and parameters.

Conclusions

We used a disease transmission model and likeli-
hood-based inference approach to evaluate effective-
ness of COVID-19 vaccination in 12 countries. Our
analysis indicated that vaccination averted >1.5 mil-
lion deaths in the studied countries until November
14, 2021, or at least precluded the need to reintroduce
more stringent public health and social measures to
control transmission.

Of our several assumptions for this evaluation, we
first assumed the infection fatality ratio was roughly
constant over time (1,8,9). We evaluated a second
model in which we allowed the infection fatality ratio
to decrease because of vaccination (Appendix). In ad-
dition, we used a unified constant VE although VE
differs across countries, demographic characteristics
(10), and type of vaccine and its coverage (11). None-
theless, our modeling framework enabled us to assess
the effect of vaccination on a time-varying transmis-
sion rate. Our model can help assess effectiveness of
the COVID-19 vaccination program, which is crucial
for curbing the COVID-19 pandemic.
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Laboratory Misidentifications
Resulting from Taxonomic
Changes to Bacillus cereus
Group Species, 2018-2022

Laura M. Carroll, Itumeleng Matle, Jasna Kovac, Rachel A. Cheng, Martin Wiedmann

Whole-genome sequencing (WGS) is being applied in-
creasingly to Bacillus cereus group species; however,
misinterpretation of WGS results may have severe
consequences. We report 3 cases, 1 of which was an
outbreak, in which misinterpretation of B. cereus group
WGS results hindered communication within public
health and industrial laboratories.

he Bacillus cereus group of bacteria is a complex

of closely related species with varying pathogenic
potential (1). Notable members, as defined in the US
Food and Drug Administration’s Bacteriological Ana-
lytical Manual, include B. anthracis, an etiologic agent
of anthrax, and B. cereus, which has been associated
with numerous illnesses, including foodborne emetic
intoxication, diarrheal toxicoinfection, anthrax-like
illness, and nongastrointestinal infections (1-5).

Whole-genome sequencing (WGS) is used in-
creasingly in clinical and industrial microbiology
laboratories to characterize B. cereus group strains (6).
However, interpreting WGS results from these organ-
isms is challenging; insights derived from WGS may
conflict with information provided by traditional mi-
crobiologic assays (6-8). Previously, we hypothesized
that results from some WGS-based species classifica-
tion methods can be easily misinterpreted when ap-
plied to the B. cereus group (7). Here, we show that
this scenario is not hypothetical: we report 3 recent
cases among public health and industrial laboratories
in which misinterpretation of WGS results directly
hindered public health and food safety investigations
or responses.
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The Study

We report 3 cases of WGS-based B. cereus group spe-
cies assignment misinterpretations in 3 continents:
Europe, North America, and Africa (Table 1; Appen-
dix, https://wwwnc.cdc.gov/EID/article/28/9/22-
0293-Appl.pdf). Two cases (cases 2 and 3) occurred
within the last 6 months and involved regional and
national public health laboratories; 1 case (case 1) in-
volved an industrial laboratory (Table 1). All cases
involved strains known colloquially as group III B. ce-
reus, a phylogenetic lineage within the B. cereus group
that was identified using pantoate-pB-alanine ligase
gene (panC) sequencing (9).

Case 1 occurred in November 2018 at an indus-
trial microbiology laboratory in Europe (Table 1).
The inquiring party isolated B. cereus group strains
from a food processing facility, then characterized
them by WGS (protocols unknown). Each B. cereus
group strain was assigned to a species by compar-
ing its genome to the genomes of all B. cereus group
species type strains and identifying the most similar
species type strain by average nucleotide identity
(7). Two strains were classified as B. anthracis using
this approach (Table 1), and the inquiring party was
concerned that the strains represented a potential an-
thrax threat (because of their B. anthracis label). How-
ever, subsequent investigation by M.W. and L.M.C.
revealed that, although the strains most closely re-
sembled B. anthracis, neither strain belonged to the
historical, clonal B. anthracis lineage typically associ-
ated with anthrax toxin production (6), and neither
strain possessed anthrax toxin- or capsule-encoding
genes (Table 1; Figure 1). Thus, the strains were
deemed incapable of causing anthrax, despite being
assigned to B. anthracis by WGS. The authors noted
that historically, these strains would be known col-
loquially as group III B. cereus, using microbiologic
methods and panC phylogenetic group assignment
(Figure 2, panel A).
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Table 1. Summary of cases of laboratory misidentifications caused by taxonomic changes to Bacillus cereus group species, 2018—

2022*
Inquiring WGS-assigned
Case Date Location party species of inquiry Case summaryt
1 November Europe  Industrial B. anthracis Two B. cereus strains isolated from a food processing facility
2018 laboratory were assigned to the B. anthracis species but were not closely
related to the B. anthracis lineage most commonly responsible for
anthrax illness and did not possess anthrax encoding genes or
represent an anthrax threat. They would historically be referred to
as B. cereus or group Il B. cereus.
2 October 2021 North  Government B. paranthracis A B. cereus strain isolated from a food product responsible for a
America laboratory foodborne outbreak was assigned to the B. paranthracis species
(USA) using WGS-based methods. B. paranthracis was historically
referred to as B. cereus or group |l B. cereus and encompasses
B. cereus group strains capable of causing emetic and/or
diarrheal foodborne illness.
3 January 2022  Africa Government B. anthracis Two B. cereus strains isolated during routine surveillance of meat
(South  laboratory products were classified using multiple WGS-based methods;
Africa) they were assigned to the B. anthracis species but did not

represent an anthrax threat. They would historically be referred to
as B. cereus or group Il B. cereus.

*WGS, whole genome sequencing; ANI, average nucleotide identity; MLST, multilocus sequence typing; ST, sequence type; Group IlI, panC phylogenetic
Group Ill; PubMLST, https://pubmist.org; GTDB, Genome Taxonomy Database Releases R95 and R202, https://gtdb.ecogenomic.org.
1B. cereus refers to the historical and/or colloquial species definition assigned using traditional microbiological methods, as outlined in the US Food and

Drug Administration’s Bacteriological Analytical Manual (FDA BAM) (5).

Case 2 occurred in October 2021 at a regional
public health microbiology laboratory in the United
States (Table 1). The inquiring party was respond-
ing to a foodborne outbreak that occurred at a cor-
rectional facility in Maryland in mid-September 2021.
During the outbreak investigation, a B. cereus group

Figure 1. Maximum-likelihood phylogeny
constructed using core genes detected
among 605 genomes assigned to the
(GTDB) B. anthracis, B. paranthracis,

and B. tropicus species. Branch colors
and clade labels denote GTDB species
assignments or, for B. anthracis, historical
species assignments. The heatmap to the
right of the phylogeny shows whether a
strain possessed anthrax toxin-encoding
genes or not (anthrax); whether a strain
possessed cereulide synthetase (emetic
toxin)-encoding genes or not (emetic); and
the strains or lineages discussed in the
cases we detailed here (cases) (Table 1).
For case 1, the actual genomes were not
publicly available; thus, genomes assigned
to the same sequence types (STs, via
7-gene multilocus sequence typing) are
highlighted. For case 2, the only information
provided to the authors was that the
genome in question belonged to species B.
paranthracis; thus, all genomes assigned
to GTDB’s B. paranthracis species are
highlighted. For case 3, the actual strain
genomes associated with the case are
highlighted. The phylogeny was rooted
using panC Group |l B. cereus group strain
FSL W8-0169 as an outgroup (National
Center for Biotechnology Information

strain was isolated from rehydrated dehydrated po-
tatoes using standard protocols (5). The strain under-
went WGS and was classified as B. paranthracis (pro-
tocols unknown) (Table 1). The inquiring party had
never heard of B. paranthracis before and conducted
a literature search, noting that the species was first

RefSeq Assembly accession no. GCF_001583695.1; omitted for readability). Branch lengths are reported in substitutions per site.

GTDB, Genome Taxonomy Database.
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described in 2017 (10); because of limited documented
history of B. paranthracis, the inquiring party contact-
ed M.W,, J.K,, and L.M.C. for assistance. We informed
the inquiring party that B. paranthracis has historically
been identified as group III B. cereus on the basis of
microbiologic methods and panC phylogenetic group
assignment. We also noted that B. paranthracis encom-
passes all strains known colloquially as emetic B. ce-
reus (for their ability to produce cereulide, an emetic
toxin) and some group III B. cereus strains capable of
causing diarrheal foodborne illness (Figure 2, panel
A) (11). We suggested that the inquiring party use
multilocus sequence typing and virulence factor de-
tection to determine if the strain belonged to a lineage
previously associated with foodborne illness.

Case 3 occurred in January 2022 at a national
veterinary public health microbiology laboratory in
South Africa (Table 1). .M. and collaborators iso-
lated B. cereus group strains during routine surveil-
lance of meat products (12). WGS was conducted on
some strains (13). .M. and L.M.C. assigned B. cereus
group strains to species using multiple WGS-based
methods (13); one method relied on the Genome
Taxonomy Database (GTDB), a popular contempo-
rary microbial species classification framework (14).
GTDB releases R95 and R202 classified 2 strains as
B. anthracis (Table 1); however, neither strain be-
longed to the historical, clonal B. anthracis lineage
(6), and neither possessed anthrax toxin- or capsule-
encoding genes (Table 1; Figure 1). Nevertheless, an
inquiring party was concerned that the strains rep-
resented an anthrax threat because of the GTDB B.
anthracis label (Table 1). We informed the inquiring
party that neither possessed anthrax toxin-encoding
genes. We noted that historically these strains would
be known as group III B. cereus, using microbiologic
methods and panC phylogenetic group assignment
(Figure 2, panel A).

Conclusions

The growing popularity of WGS offers tremendous
potential for improving B. cereus group surveillance,
source tracking, and outbreak investigations. How-
ever, taxonomic issues in the B. cereus group have be-
come more pronounced as researchers grapple with
historical and WGS-based species definitions.

Here, we detailed 3 cases in which misinterpreta-
tion of B. cereus group WGS results directly hindered
public health and food safety efforts. Two cases
(cases 1 and 3) represented false-positive scenari-
os, in which group III B. cereus strains incapable of
causing anthrax were incorrectly assumed to be an-
thrax-causing agents (Table 1). As noted previously,

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 28, No. 9, September 2022
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strains that lack anthrax toxin-encoding genes but
are assigned to B. anthracis using WGS-based meth-
ods are not uncommon (Table 2); these strains have
been isolated from diverse environments (e.g., meat,
milk, spices, egg whites, baby wipes) on 6 continents
and the International Space Station, and although
some may cause illness, they cannot cause anthrax
(6). One way of denoting that a B. cereus group strain
may produce anthrax toxin is to append the term
“biovar Anthracis” to the genus/species name (Fig-
ure 2, panel B) (2).

The remaining case (case 2) represented a worst-
case, false-negative scenario, in which a WGS-as-
signed species label with limited clinical interpret-
ability or previous associations to foodborne illness

Figure 2. Flowcharts of Bacillus species and biovar name
assignments. A) Flowchart depicting how 3 Bacillus species names
assigned using GTDB releases R95 and R202 can be translated
to historically important or colloquial names for B. cereus group
species, as outlined in the US FDA's BAM (5). B) Chart depicting
how anthrax and cereulide (emetic) toxin-producing strains

can be referred to using a previously proposed standardized
collection of B. cereus group biovar terms (6). Figure was
created using BioRender.com. ANI, average nucleotide identity;
BAM, Bacteriological Analytical Manual; FDA, Food and Drug
Administration; GTDB, Genome Taxonomy Database.
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Table 2. Selected GTDB Bacillus species names and the clinically important strains they encompass*

Encompasses strains which:

GTDB species Can cause Can cause Cannot cause anthrax
name anthrax illness _emetic iliness or emetic illness Notest
B. anthracis Yes No Yes Encompasses all anthrax-causing B. anthracis strains,

some anthrax-causing B. cereus strains, and many B.

cereus strains that are incapable of causing anthrax

illness but are commonly isolated from environmental
and food sources (6,7).

B. paranthracis No Yes Yes Encompasses all cereulide-producing B. cereus strains
known colloquially as emetic B. cereus, including the
high-risk ST26 lineage; also encompasses many
environmental and food isolates that are incapable of
causing emetic illness (7,11).

B. tropicus Yes No Yes Encompasses some anthrax-causing B. cereus strains,
as well as B. cereus strains that are incapable of
causing anthrax iliness (6,7).

*Obtained using GTDB Releases R95 and R202, but is applicable to any taxonomic framework, in which species names are assigned relative to B.
cereus group species type strain genomes, e.g., by a species threshold of 95-96 average nucleotide identity or species threshold of 70% in silico DNA-
DNA hybridization (7). GTDB, Genome Taxonomy Database; ST, sequence type assigned using the PubMLST 7-gene multilocus sequence typing
scheme for B. cereus (https://pubmlst.org).

1B. anthracis and B. cereus refer to historical and/or colloquial species definitions assigned using traditional microbiological methods, as outlined in the
US Food and Drug Administration’s Bacteriological Analytical Manual (5).
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