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PERSPECTIVE

The Impermanence of Public
Health Gains—Lessons Learned
from Measles Resurgence,
Bangladesh, 2026

Saju Bhuiya, Tanzir Ahmed Shuvo, Md. Zakiul Hassan, Mohammad Abdul Aleem,
Gazi Md. Salahuddin Mamun, A.F.M. Zakaria, Mahmudur Rahman, Fahmida Chowdhury

The global resurgence of measles is a major public health
concern. After the success of its Expanded Programme
on Immunization, Bangladesh experienced a measles re-
surgence in 2026. The country faced major setbacks after
measles vaccination coverage declined because of politi-
cal instability, discontent among field-level staff, change in
procurement policy, COVID-19—-related service disrup-
tions, and delayed supplementary immunization cam-
paigns. During March 15-September 13, 2026, Bangla-
desh reported 170,638 suspected and 20,006 confirmed
measles cases, including 919 deaths among suspected
and 100 deaths among laboratory-confirmed cases. The
outbreak disproportionately affected unvaccinated and un-
derimmunized children. Political turmoil during 2024—2025
disrupted vaccine procurement, delayed mass vaccination
campaigns, weakened the health workforce, and com-
promised financial and logistic continuity. Simultaneously,
disruptions in vitamin A supplementation and worsening
child malnutrition amplified disease severity. To prevent
future resurgence, immunization programs must be depo-
liticized, supported by buffer vaccine stocks, strengthened
through microlevel surveillance, and integrated with nutri-
tion and primary healthcare services.

Measles is an extremely contagious viral disease;
each primary case generates an average of 12-
18 secondary infections (1). Although global measles
cases declined by 71% from 2000 to 2024, the World
Health Organization (WHO) reported 395,521 cases
in 2024 and 254,384 in 2025; by the end of April 2026,
global case counts had reached 86,503 (1,2). Like
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other countries, Bangladesh’s measles outbreak dur-
ing early 2026 served as a clear reminder that public
health achievements are never permanent; they are
dynamic states of equilibrium that require constant
maintenance, political or structural stability, and re-
source security.

Bangladesh was praised as a global exemplar of
the Expanded Programme on Immunization (EPI)
for decades; its successful vaccination coverage in-
creased from 2% in the late 1970s to near-universal
levels by the 2010s (3,4). Measles-containing vaccine
(MCV) 1 coverage increased from 74 % in 2000 to 94 %
in 2016, and MCV2, a routine second MCV dose in-
troduced in 2012, reached 93% in 2016 (5). Bangladesh
achieved its regional rubella control goal in 2018 and
subsequently targeted measles and rubella elimina-
tion by 2020 (6). However, the COVID-19 pandemic
and the early 2026 measles outbreak have challenged
that narrative, revealing underlying weaknesses in
Bangladesh’s health system. The 2026 measles out-
break was not merely a biological phenomenon
driven by a highly contagious virus, it was a systems-
sensitive emergency that exposed the intersection of
vaccination disruption resulting from political up-
heaval (Appendix Table, https://wwwnc.cdc.gov/
EID/article/32/11/26-1019-Appl.pdf), nutritional
neglect, disruption of regular vaccine procurement,
perceived adverse effects of COVID-19 vaccination,
widespread misconceptions, and the long-term dis-
ruption of routine immunization services in the after-
math of the COVID-19 pandemic (7-9).

Previous publications have documented the
early measles resurgence, immunization gaps, vac-
cination disruptions, and health-system pressures
in Bangladesh (7,10-12). Building on the evidence in
those publications, this perspective provides aninte-
grated analysis of the epidemiologic, demographic,
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nutritional, socioeconomic, political, and health-
system factors that might have contributed to the
magnitude and severity of the outbreak, while
drawing lessons for strengthening measles preven-
tion, preparedness, and response in Bangladesh
and similar settings.

Summary of the 2026 Measles Outbreak

in Bangladesh

The measles outbreak came to the attention of the
government and other health agencies on March 15,
2026, and by September 13, 2026, Bangladesh report-
ed 170,638 suspected and 20,006 confirmed cases and
reported 919 deaths among suspected and 100 deaths
among laboratory-confirmed cases (13). Case-fatality
rates were 0.54% among suspected and 0.50% among
confirmed cases (13). Case definitions were described
previously (14).

Genomic analysis of 55 measles virus whole-ge-
nome sequences showed that all virus samples be-
longed to the B3 subclade (15). Phylogenetically, the
Bangladesh viruses were closely related to B3 viruses
reported from other countries (including Bangla-
desh), supporting circulation of a globally recognized
lineage rather than emergence of a distinct vaccine-
escape strain (16,17). Four amino acid changes were
identified within antigenic regions of the haemagglu-
tinin protein; however, several of those changes were
previously reported in measles viruses from other
settings (15). Those amino acid changes alone do not
establish reduced vaccine susceptibility, and further
immunologic and functional studies are required to
determine their potential effect on antibody recogni-
tion. Overall, the genomic findings provided no evi-
dence of a novel measles lineage or genetic evolution
sufficient to explain the current resurgence through
vaccine escape.

The 2026 measles outbreak in Bangladesh is
characterized by its clinical severity and its exten-
sive geographic spread; all 64 districts in the coun-
try are affected (18). By May 3, 2026, the Directorate
General of Health Services (DGHS) and WHO identi-
fied Bangladesh'’s capital city, Dhaka, as the primary
epicenter, and noted that cases were concentrated in
overcrowded informal settlements (13,18). The spa-
tial concentration of the 2026 outbreak in Dhaka’s in-
formal settlements (slums) highlights gaps in urban
health governance (19).

During this outbreak, hospitals, particularly the
Infectious Diseases Hospital (IDH) in Mohakhali,
Dhaka, were overwhelmed by a concentration of hy-
poxic, malnourished, and severely ill children, and in
March 2026 the crude in-hospital mortality rate was
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4.7% (20). That high mortality rate, concentrated in
tertiary referral hospitals, suggests potential gaps in
identifying and treating measles in secondary and
primary healthcare centers. Moreover, our data only
reflect hospitalized patients, and the burden among
persons who did not seek healthcare at the commu-
nity level remains unknown (14).

Potential Factors Contributing to the
Bangladesh Measles Outbreak

Political Upheaval and the Disruption of Routine
Immunization Activity, 2024-2025

Bangladesh’s routine immunization program provid-
ed 2 doses of measles-rubella vaccine free of charge
through the EPL The first dose is administered to in-
fants at 9 months of age and the second at 15 months
(5). Vaccination is available at all government hospi-
tals, upazila (subdistrict) health complexes, dedicated
public clinics, and participating private maternal cen-
ters. However, the political instability in Bangladesh
during 2024 and 2025 (Appendix Table) disrupted
routine immunization and was associated with the
2026 measles outbreak.

A student-led uprising in 2024 and the subse-
quent political transition from the prior administra-
tion disrupted administrative continuity and had
a consequential effect on public health administra-
tive and leadership during the interim caretaker
government’s transitional rule (3,4,10). That period
of institutional reorganization unintentionally dis-
rupted routine decision-making channels and inter-
rupted operational continuity within the Ministry of
Health and Family Welfare (MoHFW). Consequent-
ly, systematic EPI oversight was disrupted, delay-
ing scheduled nationwide vaccination campaigns.
Before administrative stability was fully restored,
the cumulative oversight gaps allowed the cohort
of immunologically naive children to expand, ulti-
mately transforming a localized coverage deficit into
a widespread nationwide outbreak.

For years, Bangladesh procured vaccines through
UNICEEF (https://www.unicef.org) with major sup-
port from Gavi (https:/ /www.gavi.org) and govern-
ment cofinancing. After the 2024 political transition,
the interim government shifted to an open tender
system in 2025, causing procurement delays, nation-
wide vaccine shortages, disruption in routine im-
munization, and cancellation of the measles vaccine
campaign (21). That shift in measles vaccine procure-
ment from UNICEF to open tender system contrib-
uted to nationwide vaccine stockouts. Those stock-
outs, in turn, extended the population immunity gap
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by expanding the cohort of immunologically naive
children 6-9 months of age, thereby fueling the rapid
resurgence of measles (21).

Nevertheless, the newly appointed Health Min-
ister, Sardar Mohammed Sakhawat Husain, report-
edly told in the Jatiya Sangsad (Bangladesh’s na-
tional parliament) that the political turmoil over the
previous 2 years had disrupted vaccine procurement
and caused failures in routine national vaccination
campaigns (4). Thus, the 2026 outbreak might not
have been a failure of medical technology but rather
a failure of the health system function, amplified
by prolonged disruptions in immunization services
and program oversight.

Accumulation of Unvaccinated Children and

Disrupted Follow-up Immunization Campaigns

One of the primary drivers of the 2026 outbreak was
the accumulation of susceptible children. The fol-
low-up measles and rubella vaccination campaign,
a door-to-door campaign generally conducted every
4 years as a catch-up strategy, is intended to reach
children missed by fixed-site services, particularly
those in hard-to-reach, mobile, poor, and urban-
slum populations (10). The last follow-up campaign
took place in 2020; the next was scheduled for 2024
(3,11). However, the political instability in 2024,
combined with widespread health worker strikes
and funding uncertainties, led to the indefinite post-
ponement of that critical immunization safety net
(3,10,11,22). That administrative failure resulted in
a substantial cohort of zero-dose (i.e., unvaccinated)
children, creating a critical immunity gap within
the pediatric population (10). UNICEF assessments
during the outbreak found that 72% of cases were
among zero-dose children, and another 16% were
among partially vaccinated children (11). Another
report showed that by 2025, Bangladesh had ~5 mil-
lion children who were not fully immunized, includ-
ing 70,000 who had received no doses and >400,000
who were underimmunized (20). That demographic
vulnerability resulted directly from disruptions in
routine immunization and the failure to implement
catch-up mechanisms that could identify and reach
unimmunized children.

In addition, neither national nor international
organizations highlighted that critical immuniza-
tion gap on any platform or in the media, and no red
flag was raised by the EPI before 2026. That institu-
tional silence stemmed from a combination of data-
tracking failures and bureaucratic distractions after
the 2024 political transition. Specifically, routine EPI
surveillance relied on underestimated population
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denominators, which obscured the true magnitude of
the decline in vaccination coverage (23).

Furthermore, the surveillance system lacked au-
tomated risk-linked thresholds to trigger early warn-
ings. The transition from UNICEF prefinancing to
an open tender procurement system diverted lead-
ership attention toward logistic restructuring rather
than epidemiologic risk assessment. Consequently,
international agencies favored private diplomatic
dialogue over public reporting. Those organiza-
tions might have exercised diplomatic caution and
avoided public platform alerts to maintain working
relationships with the sensitive postrevolutionary
interim administration, inadvertently keeping the
gap out of public and media view and leaving the
widening immunologic vulnerability unaddressed
until the 2026 outbreak.

Longitudinal Erosion of Vaccine Coverage

during 2014-2024

The 2026 crisis was associated with a documented,
multiyear decline in vaccination coverage that exacer-
bated the outbreak. Although crude national figures
often remained above the 90% vaccine threshold, a
closer analysis of valid coverage vaccines adminis-
tered at the correct age and interval revealed a more
precarious immunologic reality (24). National cover-
age metrics use aggregate data that frequently mask
localized pockets of underimmunization, an epide-
miologic vulnerability known as the fallacy of the
average (25). When unvaccinated populations cluster
geographically, such as in densely populated urban
slums or remote rural subdistricts in hard-to-reach ar-
eas, effective local herd immunity falls far below the
critical threshold required to prevent transmission
(25). In Bangladesh, that structural error was com-
pounded by denominator errors that omitted mil-
lions of children from official targets, allowing highly
vulnerable, localized cohorts to expand unnoticed
until they achieved the critical mass necessary to fuel
an explosive nationwide resurgence of measles (23).
Moreover, WHO immunization data suggest that the
overall vaccination coverage decreased during and
after the COVID-19 pandemic (26). Vaccination cov-
erage further declined in 2025 (Figure), whereas con-
current adverse conditions contributed to progres-
sion toward the outbreak.

Administrative data indicated a sharp decline in
MCV coverage in 2020 (Figure). In addition, MCV1
coverage fell from 98% to 92% by 2025, while MCV2
coverage decreased from 96% to 91% in the same
period (Figure). The 2023 Coverage Evaluation
Survey reported full vaccination coverage of 86.1%
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Figure. National measles-
containing vaccination coverage
trend among the eligible target
population in study of lessons
learned from measles resurgence,
Bangladesh, 2026. Graph shows
administrative vaccination data
for children >9 months of age
during 2018-2025. First measles-
containing vaccine dose is
recommended at 9 months of age
and second dose at >15 months
of age. Administrative data based
on reported doses administered
and estimated target population
previously available in Directorate
General of Health Services
dashboard (https://dashboard.
dghs.gov.bd).

nationally and that urban areas lagged behind rural
regions (83.8% vs. 88.8%) (24). Although that differ-
ence was modest, aggregate estimates might mask
pockets of lower coverage in densely populated ur-
ban slum areas. For example, the 2019 EPI Evalu-
ation Survey reported only 75% valid vaccination
coverage by 12 months of age among children in
Dhaka slum areas, whereas overall Dhaka district
coverage was 86.8%, illustrating how aggregate es-
timates can mask substantially lower coverage in
specific urban populations (25,27). Such pockets of
underimmunized populations enable rapid spread
of measles in densely populated urban settings. In
several countries, including Bangladesh, measles
vaccination coverage decreased during and after
the COVID-19 pandemic (26).

Healthcare System Preparedness and Clinical
Case Management
By March 2026, Bangladesh’s health system was un-
der severe pressure, and by August 15, 2026, a total
of 123,494 suspected measles patients were admitted
to hospitals (13). The Infectious Diseases Hospital in
Dhaka, originally a 100-bed facility, experienced severe
overcrowding and limited intensive care capacity (28).
The DGHS and WHO identified Dhaka as the primary
outbreak epicenter, where a total of 62,286 suspected
and 10,505 confirmed cases and 62 deaths had occurred
by August 15, 2026; cases were mainly concentrated in
overcrowded informal settlements (13,18). Moreover,
another study showed that hospital bed occupancy
generally exceeded 164%-175% in 2025, further limit-
ing Bangladesh’s ability to manage seasonal surges (29).
UNICEF and partners’ assessments identified
several critical facility-level failures, including
staffing shortages, nosocomial transmission, and
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logistical supply gaps (11,28). The government’s
response, which included launching an emergency
vaccination campaign for 1.2 million children in 18
high-burden districts on April 5, 2026, was a neces-
sary tactical measure that highlighted the reactive
nature of the health system (11,18). The outbreak
also exposed critical systemic failures extending
far beyond simple vaccination gaps, particularly
in isolation capacity, infection prevention and con-
trol, and clinical case management. Despite DGHS
and WHO directives for 4-day case isolation and
extended precautions for immunocompromised
patients, hospital overcrowding and weak referral
systems drove nosocomial amplification and sus-
tained transmission (11,19).

Furthermore, political instability in 2024 led to the
reassignment of key personnel and persistent vacan-
cies in senior EPI leadership positions (30), weaken-
ing program planning and implementation. Repeated
healthcare worker strikes further disrupted routine
immunization services (31).

Legacy of COVID-19-Era Global and Regional
Immunization Disruption

The 2026 outbreak in Bangladesh is an extreme mani-
festation of the global resurgence of measles and the
backsliding of immunization progress due to the
COVID-19 pandemic (8,9). Moreover, 81% of cases
were in children <5 years of age, highlighting the
potential consequences of immunization disruptions
during the COVID-19 pandemic (13). Worldwide
data showed reduced measles vaccination during the
pandemic (8,26). Pandemic-related disruptions to lo-
cal immunization programs and rising vaccine hesi-
tancy after the pandemic exacerbated this outbreak
in Bangladesh (32). Similar results were reported in
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studies conducted in India and Pakistan (8,33,34). The
measles outbreak in Bangladesh is a reminder that
vaccine gaps do not simply disappear when a pan-
demic ends; rather, those gaps could accumulate.

Drivers of High Rates of lliness and Death

The high rates of illness and death during the 2026
measles outbreak likely resulted from interacting epi-
demiologic, nutritional, socioeconomic, and health
system vulnerabilities. Collectively, those vulnerabil-
ities created a reinforcing pathway from high trans-
mission and susceptibility to delayed care, severe
complications, and excess mortality. We describe the
vulnerabilities further in the following sections.

Disruption in Vitamin A Supplementation

The severity of the 2026 measles cases was exacerbated
by a parallel decline in nutritional interventions in Ban-
gladesh. In 2025, disruptions to the national Vitamin A
Plus campaign meant that only 1 of the 2 scheduled an-
nual dosing rounds were completed (11). Vitamin A is
crucial for reducing measles-related death; without it,
children are more likely to experience severe complica-
tions (33,35). Hospitals also reported that the children
admitted during the outbreak were malnourished and
had weight-for-height percentages far below standard
(33). According to 1 study, malnutrition acts as a pow-
erful epidemiologic multiplier that accelerates measles
transmission and severity (36). The MoHFW decision
in April 2026 to prioritize available vitamin A stocks
specifically for children with measles was a necessary
but late-stage response to a problem that should have
been addressed through preventive supplementation
in 2025 (11).

Demographic Vulnerability and Transmission Shift

A deeply concerning trend observed during this out-
break was the high percentage of infections among
infants <9 months of age (19). Historically, maternal
antibodies protected infants against measles, but only
through the first 6 months after birth, leaving many
infants 6-9 months of age vulnerable to measles infec-
tion before they receive the first vaccine dose (37). As
population immunity levels dropped below the 95%
threshold required for herd protection, those unpro-
tected cohorts became the primary victims of intense
community transmission (7,35). In some hospitals,
such as Rajshahi Medical College, up to 57% of con-
firmed cases involved infants <9 months of age (38).
That pattern suggests that reduced vaccination cover-
age weakened the protective effect of population im-
munity, increasing infants” exposure to measles virus.
Moreover, hyperdense informal urban settlements
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formed localized micropockets of underimmuniza-
tion, driven by high population mobility and a sys-
temic deficit in routine surveillance tracking.

In Dhaka, cases clustered heavily in informal
settlements such as Demra, Kamrangirchar, and Ko-
rail slums (19). Those areas are characterized by high
population density, limited visibility to health servic-
es, and environmental stressors (7,19,20,33). Dhaka
division also reported the highest cumulative burden,
with >62,286 suspected cases, highlighting how static
immunization delivery models can fail to maintain
herd immunity among transient populations during
an outbreak and how current urban health infrastruc-
ture might be insufficient to meet the public health
needs of a rapidly urbanizing population during a cri-
sis (13,18,19). To resolve that operational mismatch,
static healthcare delivery should be complemented
by an agile, mobile vaccination framework. Flexible,
microtargeted teams operating during nonstandard
hours at transit hubs and markets could reach highly
transient populations more effectively.

Suboptimal Economic Condition

The 2026 measles surge imposed substantial econom-
ic hardship, and affected families spent an average of
BDT 16,000 (Bangladeshi taka) on treatment and re-
lated costs, alongside income losses from prolonged
caregiving (39). Among affected households, 89%
borrowed money and 61% drew from their savings,
highlighting the outbreak’s potential to cause eco-
nomic loss and vulnerability (39). Those costs high-
light the risk for catastrophic and impoverishing
healthcare expenditure (39). The economic burden of
measles also could worsen health outcomes by delay-
ing care-seeking and limiting access to essential treat-
ment, nutrition, and supportive care.

Strategies for Resilient Immunization Systems
The 2026 measles outbreak in Bangladesh is a trag-
ic case-study in the failure of acceptable national
averages. To prevent a recurrence, the following
lessons could be integrated into future public
health strategies.

Tracking National Aggregate Coverage

Routine monitoring of national and subnational
(district-level, urban, rural slum, and hard-to-reach
areas) vaccination coverage is essential for identifying
immunity gaps before they translate into outbreaks.
Coverage data should be reviewed regularly accord-
ing to age, geographic area, and relevant population
characteristics to identify underimmunized popu-
lations. Timely identification of declining coverage
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would enable health authorities to target catch-up
vaccination programs.

Reducing Vaccine Misconceptions

Vaccine misconceptions could be reduced by dissemi-
nating accurate information through trustworthy me-
dia; professionals, such as physicians, vaccinologists,
and teachers; and mass awareness campaigns (29,32).
Moreover, a legal framework could help curb anti-
vaccine activities and misinformation.

Depoliticizing Public Health Logistics

The delay of the 2024 mass follow-up vaccination
campaign because of political unrest was the single
most avoidable cause of the 2026 surge in deaths
(3,4). To address that delay, immunization programs
must be treated as essential state functions with au-
tonomous funding and procurement mechanisms
protected from political transitions. Creating a na-
tional vaccine stock would provide a cushion during
national crises (7,11).

Integrating Syndemic Management

A syndemic approach requires addressing measles
alongside the interacting health, social, and politi-
cal conditions that amplify its impact (40). The 2026
crisis reflected a synergy between viral transmission
and malnutrition, including vitamin A deficiency
(11). Therefore, outbreak control should integrate
vaccination with nutritional support, early iden-
tification and management of complications, and
strengthened routine child health services. Follow-
up vaccination should be incorporated into routine
immunization activities rather than as an episodic
emergency response (7,20).

Developing Urban-Specific Inmunization Strategies

Urban informal settlements can contain localized
clusters of underimmunized children because of
population mobility, overcrowding, socioeconomic
disadvantage, and limited access to routine health
services (41). We describe that pattern as the slum
cluster phenomenon, referring to the concentration of
susceptible or incompletely vaccinated children with-
in densely populated informal settlements, which can
enable sustained measles transmission after virus in-
troduction (41,42). Immunization strategies in those
settings should complement routine facility-based
services through targeted outreach, mobile vacci-
nation, and follow-up of children who have missed
recommended doses (41). Urban areas like Dhaka
require specialized mobile vaccination teams that
operate according to the schedules and movement
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patterns of informal settlement residents, rather than
administrative convenience (7,41).

Linking Surveillance to Rapid Public Health Response
The 2026 outbreak was underway by December 2025,
yet the emergency measles vaccination campaign was
not launched until April 2026 (3,11,18), highlighting
the need to link early warning with timely public
health action. Routine surveillance of measles cases,
hospital admissions, vaccination coverage, and other
relevant indicators should be linked to predefined
thresholds that trigger rapid epidemiologic assess-
ment and, when warranted, activation of response
teams and targeted vaccination activities (19,20).
Other countries with similar healthcare settings also
could adopt such initiatives.

Conclusions

The 2026 measles resurgence in Bangladesh was
not adequately explained by a single national cov-
erage trend or by COVID-19 disruption alone. The
outbreak was largely driven by accumulated im-
munity gaps resulting from disruptions in routine
immunization, declining vaccination coverage, vac-
cine supply constraints, lack of health system pre-
paredness, and missed supplementary immuniza-
tion opportunities. Those vulnerabilities enabled
sustained transmission, particularly among young
and undervaccinated children, and were further am-
plified by population mobility and weaknesses in
timely surveillance and response. Preventing future
outbreaks requires sustained and equitable coverage
of at least 95% with both measles-containing vaccine
doses, reliable vaccine supply, and systematic iden-
tification and follow-up of missed-dose and zero-
dose children. Maintaining adequate vaccine stocks,
strengthening hospital infection prevention and
clinical preparedness, and addressing vaccine mis-
information should be integral to a resilient measles
elimination program.

In summary, the 2026 measles outbreak in Ban-
gladesh demonstrates that strong historical perfor-
mance does not ensure future protection; maintaining
it requires constant vigilance, adaptive governance,
and equitable healthcare delivery. The =803 lives
lost in 2026 must serve as the impetus for a funda-
mental shift in how immunization is governed,
funded, and delivered in an increasingly politically
unstable world.
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Importation-Driven Measles
Resurgence and the Fragility of
Elimination, Japan, 2024—-2026

Koichiro Yuji, Wakako Yuji, Eisuke Adachi

As measles elimination unravels across the Americas,
Europe, and the Western Pacific, Japan is experienc-
ing a resurgence of measles; the World Health Orga-
nization had verified elimination of measles in Japan
in 2015. By epidemiologic week 20 of 2026, a total of
498 cases had been reported, exceeding every full-
year total since 2020. Median case-patient age has
fallen to 26 years, shifting the burden from a genera-
tion who received single-dose measles vaccinations
to younger cohorts caught between successive vacci-
nation-policy transitions. Among case-patients with a
documented 2-dose vaccination history, more than half
experienced modified measles, an attenuated, easily
missed illness that delays diagnosis and isolation. As
mass gatherings concentrate global travel, Japan has
become a sentinel for the fragility of measles elimina-
tion, including in countries that consider elimination
status secure. Surveillance shows importation-driven
resurgence; the shift in genotype profile from D8 to
B3 predominance back to D8 enabled tracking of
source countries.

In November 2025, the World Health Organization
(WHO) Region of the Americas lost its regional
elimination status after endemic measles transmission
was reestablished in Canada, which had maintained
elimination since 1998 (1). Transmission has since
accelerated: by epidemiologic week 28 of 2026, the
region had reported 47,459 confirmed cases and 44
deaths, >3 times the 2025 total and the highest count
since 2004 (2). The Pan American Health Organization
(PAHO) Regional Verification Commission, which re-
views all countries in the region annually, will con-
sider the 2026 reports, including that of the United
States, in November 2026 (1,3). By September 10, 2026,
the United States had recorded 3,294 confirmed cases,
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its largest annual total since elimination was declared
in 2000; of the cases, 95% were outbreak-associated
and 95% occurred in unvaccinated persons or those of
unknown status (4,5). The percentage internationally
imported has fallen to #10%, signaling a shift toward
sustained domestic transmission (3).

The erosion of measles elimination status is not
confined to the Americas. The WHO European Re-
gion recorded 127,350 measles cases in 2024, double
the 2023 total and the highest in >25 years (6); on the
basis of that resurgence, WHO announced in January
2026 that 6 countries, including the United Kingdom,
had lost their elimination status. The age structure
for those cases is instructive: among cases reported
in Europe during January-June 2026, half (51%) were
among those >15 years of age, and 15% of those with
known vaccination status had received 1 dose (7).

Japan’s own region is a cautionary backdrop.
Measles in the WHO Western Pacific Region rose
743% during 2022-2024; Mongolia and Cambodia, the
first middle-income countries there to eliminate mea-
sles, later lost that status to importation-related out-
breaks (8,9). Japan, where elimination was verified in
2015 (10), had recorded more cases by mid-2026 than
in any full year since 2020. We argue that Japan is a
sentinel for an elimination framework under growing
strain, with lessons extending well beyond the West-
ern Pacific to every country whose elimination status
now rests on fragile foundations.

A Rapid, Geographically Dispersed Resurgence

This report draws on Japan’s mandatory national
surveillance data. By epidemiologic week 20 of
2026, a total of 498 cases had been notified through
Japan’s National Epidemiologic Surveillance of In-
fectious Diseases, already exceeding every full-year
total since 2020 (Figures 1, 2). The lowest years,
2020-2022, had 6-10 cases annually, coinciding
with stringent COVID-19 control measures and the
near-cessation of international travel, so they do not
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Figure 1. Annual reported cases of measles, Japan, 2020-2026.
Red bars denote provisional totals not yet finalized for 2025 and
all 2026 data for epidemiologic weeks 1-20. Blue bars represent
finalized annual counts for 2020-2024. Dashed line marks an
incidence of 1 confirmed case/1 million population/year (=124
cases/year for Japan), a World Health Organization surveillance
performance indicator for monitoring progress toward and
maintenance of elimination rather than a criterion for verification,
which rests on multiple lines of evidence (11).

represent a normal baseline. Measured instead
against the prepandemic period, 2025 and 2026 still
mark a clear departure from the postelimination
norm (12). Weekly counts in 2026 were 28-39 cases
across weeks 11-14; they peaked at 62-71 in weeks
15-17 and fell to 17-23 in weeks 18-20, a decline the
national report attributes partly to reduced holiday-
period reporting (13) (Figure 2).

We derived detailed epidemiologic, genotype,
and clinical data from the national featured report
for the first 20 weeks of 2026 (498 cases; data as of
May 20, 2026), the most granular dataset available
at the time of writing. Cases were identified in 27 of

Figure 2. Weekly cases of measles by week of diagnosis, Japan,
2026. Provisional data for epidemiologic weeks 1-20, through
May 20, 2026, are shown. Counts rose from week 11, peaked

in week 17, and fell in weeks 18—20; the decline might reflect
reduced reporting over an extended holiday period. Because
reports accrue over subsequent weeks, counts for the most recent
weeks are provisional and will rise.

1786

47 prefectures, indicating multiple concurrent trans-
mission chains rather than 1 localized outbreak.
The amplifying potential of even 1 importation is
illustrated by an imported case reported in March
2024 that seeded a superspreading event, includ-
ing secondary transmission to fellow passengers
on the same flight, with the highest transmissibility
concentrated in the first generation of spread before
self-isolation and public-health awareness curtailed
further transmission (14). That episode shows how
1 importation can ignite a rapidly amplifying clus-
ter despite nominally high population vaccination,
a dynamic that recurs wherever susceptibility is un-
evenly distributed.

Importation Sources and Genotype Succession
The resurgence of measles in Japan is importation-
driven; genotype profiles are linked closely enough
to the source countries to function as a molecular
record of travel patterns. In 2023, importations from
Indonesia and India predominated; genotype D8 ac-
counted for 88% of typed cases (15). In 2025, Vietnam
became the leading source of imported infection, ac-
counting for 83% of cases with an overseas-acquired
source; genotype B3 surged to 87% (16). By 2026,
Indonesia had reemerged as the leading overseas
source. Genotype information was available for 341
(69%) of the 498 cases reported through week 20;
among those, genotype DS, one of the 2 genotypes
(with B3) responsible for most measles transmission
globally in the study period, accounted for 61% and
B3 for 39% of cases, reversing the ratio seen earlier in
the resurgence (13). The geography of those cases fits
an importation-anchored process. Five prefectures
accounted for just over half of all modified measles
cases during 2016-2025, yet incidence in neighboring
prefectures was uncorrelated in every period exam-
ined; cases clustered around metropolitan gateways
rather than diffusing across adjacent prefectures. The
leading prefectures also moved eastward between re-
surgence years, from Osaka and Kanagawa in 2019 to
Kanagawa and Ibaraki in 2025, over the same period
in which the dominant genotype and source countries
changed (16). That shifting genotype profile— D8 pre-
dominance in 2023, a shift to B3 predominance by
2025, and a reversal to D8 predominance in 2026 —
mirrors the shifting epidemiology of the Asia-Pacific
source countries on which Japan’s importation risk
depends and underscores that domestic case counts
are inseparable from the regional control situation.
Interpreting those data against the formal defi-
nition of elimination requires caution. WHO criteria
defined reestablishment of endemic transmission as

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 32, No. 11, November 2026



uninterrupted circulation of the same measles virus
genotype and lineage for >12 months; elimination is
verified only after 36 months of interrupted trans-
mission (11). Our analysis is limited to genotype-
level frequencies and cannot resolve named strains
or lineages. The standard 450-nt window of the nu-
cleoprotein gene is not sufficiently discriminating
to separate endemic from imported virus within a
genotype; whole-genome sequencing, particularly of
the noncoding region between the matrix and fusion
genes, carries the phylogenetic information needed to
distinguish sustained domestic chains from repeated
importations (17). Because 31% of cases are ungeno-
typed, the apparent absence of a single sustained lin-
eage is provisional. We emphasize this fact because
genotype-frequency data alone can neither establish
nor exclude loss of elimination.

Adult Susceptibility and the Legacy

of Vaccination-Policy Transitions

The measles resurgence is concentrated in young
adults, although not the same adults as in 2019.
Among the 498 cases reported in Japan through week
20 of 2026, median patient age was 26 (range 0-65)
years (13). Age-specific incidence locates that shift
(Figure 3): it peaked at 30-34 years in 2019 but at 20-
24 years in 2026, two 5-year bands lower; combined
incidence at 30-39 years fell to about 80% of its 2019
value (12,13,18). That shift traces back to Japan’s na-
tional immunization program.

Measles vaccine entered Japan’s routine immu-
nization program in October 1978, administered as
a single dose to young children (20,21). The sched-
ule remained single-dose for >25 years. A structural

Measles Resurgence, Japan, 2024-2026

change came in 1994, when an amendment to the
Immunization Act ended mandatory vaccination,
shifting measles immunization from a compulsory
to a recommended basis (22). Persons born from
1978 until the routine 2-dose schedule began in 2006
(i.e., for persons 21-48 years of age in 2026) were
offered a single routine dose for part of that period
on a noncompulsory basis. A single dose confers se-
roconversion in *93% of recipients, so most of that
population is protected, and susceptible persons are
a small fraction of it.

The 2-dose measles-rubella schedule was in-
troduced in 2006, prompted by WHO Western Pa-
cific Region’s 2005 resolution to eliminate measles;
the first dose was given to children 12-24 months
of age and the second before elementary school en-
try (12,23). A nationwide resurgence in 2007-2008
among teenagers with a single dose exposed the gap
that the new schedule could not close for those past
school-entry age (23,24). Japan responded with a
5-year catch-up supplementary immunization activ-
ity during April 2008-March 2013, offering a second
dose to adolescents in the first year of junior high
school and the final year of high school (23,24). By
reaching adolescents of specific ages at that time, the
campaign created a set of transitional cohorts: per-
sons born during 1995-2005 received their first dose
under the single-dose regime and their second, if at
all, through a time-limited campaign or the opening
years of the 2-dose schedule.

Read against that history, the 2 resurgences im-
plicate different cohorts. The adults infected in 2019
were born predominantly in the late 1980s; they
were vaccinated under the single-dose schedule and

Figure 3. Measles cases by age group reported in epidemiologic weeks 1-20 of 2019 and 2026, Japan. Age-specific incidence in weeks
1-20 of 2019 (n = 533) and 2026 (n = 498) were calculated from national case counts and population estimates for the corresponding
year. Shading indicates 2 cohorts defined by vaccination policy. Yellow shading indicates the age groups of the transitional cohorts,

born =1995-2005, who received a second dose of measles vaccine, if they did so, through the time-limited 2008—2013 campaign or

the opening years of the 2-dose schedule. Light blue shading indicates the single-dose cohort, born =1978-1990, who were offered 1
routine dose and were not eligible for the second dose through the campaign. Black arrow indicates peak age group in 2019; red arrow
indicates peak age group in 2026. Source: Japan Institute for Health Security Infectious Disease Weekly Report (13,19,36).
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already too old for the 2008-2013 catch-up. That
single-dose generation was, in the 2019 resurgence,
the decisive susceptible population. By 2026, both the
median case-patient age and the peak of age-specific
incidence fell within the transitional cohorts, born in
1995-2005, whose second dose came through a time-
limited campaign or the opening years of the 2-dose
schedule, if at all (Figure 3). The immunity gap has
not closed so much as moved from a generation of-
fered 1 dose to younger cohorts whose 2 doses were
given inconsistently with few opportunities for nat-
ural boosting in a country where measles no longer
circulates; that distinction is supported by evidence
that, in a setting in which measles was eliminated,
measles antibodies wane after vaccination but not af-
ter infection (25). We attached no point estimate to the
susceptible population because coverage data cannot
distinguish between primary-vaccine failure, waning
immunity, and unrecorded catch-up doses (16).

Compounding the weakness in the historical
structure, contemporary routine coverage has be-
gun to slip. First-dose measles-rubella coverage was
95.4% in fiscal year 2022 (Japan’s fiscal year runs
April-March); in fiscal year 2024, first-dose coverage
was 92.7% and second-dose coverage 91.0%, both be-
low the 95% level associated with interrupting trans-
mission (15,26). A cohort-structured susceptibility
and an eroding contemporary coverage were there-
fore acting in combination to increase risk for infec-
tion and spread. We observed a comparable combina-
tion underlying the contemporaneous loss of regional
measles elimination in the Americas, where PAHO
has assessed the regional public-health risk as very
high because of declining coverage and increases in
susceptible populations (2); the parallel underscores
a wider pattern.

Diagnostic Challenge of Modified

Measles in Vaccinated Adults

A clinically consequential feature of measles resur-
gence is the appearance of infection in vaccinated
adults. That observation is not evidence that vac-
cine failure is becoming more common; in the Unit-
ed States, the breakthrough fraction has remained
stable at *8%-12% of reported cases, and the 2025
resurgence occurred overwhelmingly among unvac-
cinated persons or those with no documented vacci-
nation (5,27). What such settings share is not a rising
rate of vaccine failure but pockets of susceptibility
within populations whose aggregate coverage ap-
pears adequate, differing in how those pockets are
defined: by community in the United States, by birth
cohort in Japan, and, in Israel’s outbreak of =3,200
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cases traced to a single importation, by childhood
nonvaccination (median age 5.6 years, 83% unvac-
cinated) (28). Among the 159 cases in 2026 with 2
documented doses (158 of them in patients >6 years
of age), 89 (56%) experienced modified measles, an
attenuated illness characterized by a subtle rash,
minimal or absent fever, and frequently absent Ko-
plik spots (13,29); that proportion applies to docu-
mented 2-dose recipients only, because vaccination
status was unknown for 41% of case-patients >6
years of age. In adults, the manifestation is easily
mistaken for a nonspecific viral exanthem or a drug
reaction, particularly because clinicians in elimina-
tion settings might not consider measles in a vacci-
nated patient at all. Clinical suspicion is lowest in
the population in which such infection occurs.

Characterizing the transmission risk for modi-
fied measles accurately is important because both
overstatement and understatement carry costs. In
a systematic review of postelimination settings, in-
dex case-patients with secondary vaccination fail-
ure produced few secondary infections among their
contacts; secondary attack rates were 0%-6.25%,
and the estimated effective reproduction number
for onward transmission from such cases was 0.063.
Onward transmission from such cases is therefore
substantially less efficient than from a case in an
unvaccinated person, but it does occur, and clusters
have been documented under conditions of close
and prolonged contact (30). The principal hazard
posed by modified measles is therefore diagnos-
tic rather than directly epidemiologic: because its
attenuated manifestation delays recognition, iso-
lation, and contact tracing, more transmissible in-
fections could seed in susceptible contacts. In the
largest United States series, comprising 4,056 cases
during 2001-2022, breakthrough infections ac-
counted for 475 (12%) of cases, were milder, and
arose predominantly from secondary rather than
primary vaccine failure (27). Vaccinated adults will
increasingly be included in case series wherever
elimination is under pressure.

The practical implications for clinicians are con-
crete. Physicians evaluating an adult with febrile rash
should elicit a vaccination and travel history, keep
measles on the differential even in 2-dose recipients,
and conduct both IgM serology and reverse transcrip-
tion PCR, because IgM could be transiently negative
early in modified measles. Of importance, the mild-
ness of the index case does not diminish the public
health stakes. Each unrecognized case can transmit to
those at greatest risk: infants too young to be vacci-
nated, pregnant persons, and immunocompromised
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persons. Historically, #30% of reported cases have ex-
perienced complications; the risk for complications is
highest in children <5 years of age and in adults (31).
Measles also induces immune amnesia, depleting im-
mune memory for years after infection (32). A milder
index case is not benign.

Uncertainty of Low-Transmission Estimates

for Japan

A caveat specific to the Japan context bears directly
on how the reassuringly low transmission estimates
for secondary vaccination failure should be read.
Two distinct susceptible groups must be separated.
The first comprises fully (2-dose) vaccinated adults
who nonetheless develop breakthrough infection as
modified measles; for those, the low transmission es-
timates derived from secondary vaccination failure
apply, and the dominant hazard is diagnostic delay
rather than efficient onward spread. The second,
larger group comprises adults whose birth cohorts
were never offered a routine 2-dose schedule or who
were offered a second dose only through time-limit-
ed catch-up campaigns of incomplete uptake; vaccine
failure here occurs not in the immunological sense
but by a structural absence of a second dose across
whole birth cohorts. Conflating the two would under-
state the transmission potential of the resurgence be-
cause the parameters that reassure for the first group
do not describe the second.

That distinction also qualifies how the secondary
vaccination failure estimates themselves should be
generalized. Those estimates derive overwhelmingly
from highly 2-dose-vaccinated populations, in which
the rare breakthrough case is surrounded by immune
contacts, and onward transmission is corresponding-
ly contained. The containment observed in such set-
tings is a property not only of the index case-patient’s
attenuated infectiousness but also of the surrounding
immune environment. Where that environment is it-
self partially susceptible, as it is where Japan’s tran-
sitional cohorts are concentrated, the same low per-
case transmission probability can nonetheless seed
longer chains because a larger fraction of contacts
are themselves at risk. Low-transmission parameters
measured in 2-dose populations may therefore not
extrapolate to a setting in which the susceptible frac-
tion is generational. That conclusion does not imply
that modified measles is highly transmissible; it cau-
tions against importing reassurance from populations
whose immune structure differs from Japan’s. The
same caution applies wherever pockets of suscepti-
bility persist within an otherwise highly vaccinated
population, whether defined by birth cohort, by
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community, or, as in much of Europe, where half of
cases are now in adolescents and adults, by incom-
plete 2-dose rollout.

Mass Gatherings

The timing of this resurgence magnifies its stakes.
The 2026 FIFA World Cup, held June 11-July 19
across the United States, Canada, and Mexico,
brought millions of travelers into 3 host nations that
were simultaneously experiencing active resurgenc-
es and maintaining coverage below the 95% thresh-
old (1). Measles has a well-documented history of
transmission at mass gatherings, where large num-
bers of persons from areas of differing immunity
mix in crowded, often indoor settings. During the
1991 International Special Olympics, measles spread
to 16 persons across 7 US states, including specta-
tors exposed by airborne transmission in a domed
stadium; 9 additional cases resulted from onward
transmission (33). The episode demonstrated that
1 infectious person in a large enclosed venue can
transmit measles across substantial distances and
subsequently across state and national boundaries.

Sporting events involving youth have repeatedly
served as foci. At a 2007 international youth sporting
event, the index case-patient was a 12-year-old partic-
ipant from Japan infected with genotype D5 measles;
contact tracing across 8 US states identified 7 cases,
71% of whom were in unvaccinated persons (34).
Given that measles has a basic reproduction number
of 12-18, among the highest of any human pathogen
(31), a single importation into a mass gathering can
ignite rapid and geographically dispersed spread be-
fore public health authorities are aware that transmis-
sion has begun.

The measles risk associated with the 2026 World
Cup has been recognized mainly from the perspec-
tive of the host region (35). Japan’s experience adds
a complementary view: that of a participating Asia-
Pacific nation that is simultaneously a major source
of outbound travelers and a recipient of importa-
tion-linked cases. Japan is thus embedded in a bi-
directional risk network rather than positioned only
as a potential importer or exporter. The 20th Asian
Games in Aichi-Nagoya, Japan, during September-
October 2026, shortly after the World Cup, leaves
the Western Pacific region facing its own overlap-
ping mass-gathering season. Because travel medi-
cine frames measles as a borderless threat in which
every nonimmune traveler is a potential carrier and
vector (36), defending elimination becomes a shared
transnational responsibility that no single country
can discharge alone.
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Implications for Surveillance and Response
Japan’s measles resurgence points to 4 priorities
that generalize to other elimination-era settings.
First, catch-up vaccination should follow the gap
as it moves toward the cohorts born between the
end of the single-dose regime and the maturation of
the 2-dose schedule; Japan’s 2008-2013 adolescent
program showed that coverage in a defined age
band can be raised within a finite period. Second,
pretravel vaccination checks should be integrated
into routine travel-medicine practice, given that
importation drives nearly every domestic chain.
Third, second-dose coverage should be restored to
>95% in every prefecture. Fourth, surveillance data
on vaccination status, genotype, and transmission
chains should be completed and standardized; the
large percentages of missing data limit the resolu-
tion at which transmission can be understood. Be-
cause the disease burden concentrates in gateway
prefectures rather than spreading contiguously,
strengthening awareness and laboratory confirma-
tion in those prefectures is likely to yield more than
uniform national measures.

Beyond those immediate measures, the reso-
lution of transmission chains in future outbreaks
would benefit from analytic approaches that aggre-
gate surveillance cannot provide. Generation-de-
pendent modeling and transmission-network anal-
ysis, which have been applied to previous measles
outbreaks in Japan, offer a route to reconstructing
who-infected-whom structure and to distinguishing
sustained endemic transmission from repeated inde-
pendent importations; those distinctions are central
to the formal assessment of elimination status. Pair-
ing such methods with systematic genomic sequenc-
ing would replace genotype-frequency snapshots of
the kind reported here with lineage-resolved chains,
materially strengthening the evidentiary basis for
elimination decisions.

Our analysis relied on aggregate routine surveil-
lance, which may underconfirm modified measles,
given its diagnostic difficulty. Vaccination status
was unknown for 41% of eligible 2026 cases, geno-
type data covered 69% of cases, and place of infection
was unknown for 18% of cases. Transmission chains
could not be resolved from aggregate data, and no
phylogenetic analysis was available, so the genomic
findings reported here are descriptive genotype fre-
quencies rather than resolved lineages. We calculated
incidence (Figure 3) from aggregate case counts and
population denominators, not individual vaccination
histories; we determined incidence by age but could
not establish differential susceptibility by vaccination
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status, for which serosurveillance would be required.
Finally, 2025 and 2026 case counts are provisional and
subject to retrospective revision. Those limitations ar-
gue for, rather than against, the strengthening of sur-
veillance that we recommend.

Conclusions

Japan’s measles resurgence is a sentinel signal. A
nation with historically high vaccination coverage,
robust surveillance, and verified elimination is los-
ing ground, and it is doing so through mechanisms
that are not unique to Japan: cohorts left between
successive vaccination-policy transitions, eroding
contemporary coverage, importation pressure, and
underrecognized infection in vaccinated adults.
What differs among settings is the structure of sus-
ceptibility rather than the fact of exposure; Japan’s
gap is cohort-structured and policy-derived, where-
as recent transmission in North America has been
concentrated in undervaccinated communities. That
distinction matters, because it determines whether
catch-up should be targeted by birth cohort or by
community; the underlying dynamic of accumu-
lated susceptibility meeting sustained importation
pressure is shared. As elimination falters across the
Americas and Europe and mass gatherings concen-
trate global travel, the lesson is that elimination is
reversible everywhere, including in settings that
consider it secure. Yet, as PAHO has emphasized,
status that is lost can also be regained through coor-
dinated immunization and surveillance. The revers-
ibility cuts both ways. Defending measles elimina-
tion depends as much on clinical vigilance, keeping
measles on the differential in vaccinated adults and
confirming it by laboratory testing, as on popula-
tion-level coverage, and it depends on recognizing
that in an interconnected world the susceptibility of
one country is the concern of all.

This study used routinely collected, deidentified national
surveillance data; ethics approval was not required under
the Ethical Guidelines for Medical and Biological Research
Involving Human Subjects (MEXT/MHLW /METI, 2021).
The work was conducted in accordance with the
Declaration of Helsinki. All data are publicly available
from the Japan Institute for Health Security Infectious
Disease Weekly Report (https:/ /id-info.jihs.go.jp), NIID
Infectious Agents Surveillance Report, and the Ministry of
Health, Labour and Welfare. No new sequences or
primary data were generated.
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Subacute Sclerosing
Panencephalitis after
Measles Outbreaks,
the Philippines, 2007—-2022

Maela P. Palisoc, Maridel S. Ramones, Roland Dominic G. Jamora

Subacute sclerosing panencephalitis (SSPE) is a de-
layed, almost uniformly fatal complication of measles.
The Philippines had measles outbreaks in 2010-2011,
2013, and 2018-2019; the last was the largest in the
World Health Organization Western Pacific Region. Pub-
lished SSPE data from the Philippines end in 2015. We
reviewed all 20 children admitted with SSPE to a tertiary
pediatric hospital in Quezon City during 2007-2022 and
estimated year of measles infection. Median patient age
was 6.2 years at hospital admission and 0.7 years at re-
ported measles illness. Five (25.0%) of 20 admissions
occurred in 2022, and estimated infection dates placed
4 patients within the 2018—2019 outbreak; all were ad-
mitted during 2020-2022. Given the multiyear latency
of SSPE, additional cases might emerge over coming
years. Reported measles history could not be estab-
lished in one quarter of patients. Strengthened measles
surveillance and sustained 2-dose vaccination coverage
are needed.

Subacute sclerosing panencephalitis (SSPE) is a
progressive neurodegenerative disorder caused
by persistent central nervous system infection with
a defective, hypermutant measles virus. It typically
follows measles acquired in early childhood after a
latency of years and is almost always fatal (1,2). Be-
cause SSPE follows measles by years rather than
weeks, the neurologic consequences of an outbreak
do not become visible until long after the outbreak
has ended.

Measles vaccination was introduced in the Phil-
ippines in 1983; the first routine dose is scheduled at
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9 months of age (3). Nationwide immunization cam-
paigns in 1998 and 2004 were followed by historically
low measles incidence in 2006 (3). First-dose measles-
containing vaccine coverage later declined from 92%
in 2004-2007 to 80% in 2015-2016 and 64 % in 2021 (4).
Reported measles cases rose sharply during a 2018-
2019 outbreak, from 2,428 in 2017 to 48,525 in 2019,
the largest outbreak in the World Health Organiza-
tion Western Pacific Region during that period (5).

Published data on SSPE in the Philippines are
limited; the largest local series described children
seen at a single tertiary hospital during 2005-2015 (6).
No published series from the Philippines spans the
period during which children infected in the 2018-
2019 outbreak would be expected to demonstrate
symptoms of SSPE. We describe children admitted
with SSPE to a tertiary government pediatric hospital
over 16 years and examine the distribution of their
estimated years of measles infection against the na-
tional outbreak record.

Methods

Design and Setting

We retrospectively reviewed the records of all chil-
dren admitted to National Children’s Hospital, a ter-
tiary government pediatric hospital in Quezon City,
the Philippines, with a final diagnosis of SSPE during
January 1, 2007-December 31, 2022. All such patients
were enumerated. The 2007 start date reflects the pe-
riod from which complete institutional records and
corresponding registry data were available.

Case Definition

We modified the case definition from Dyken’s cri-
teria (1). We defined a case as a clinical diagnosis
of SSPE by the attending pediatric neurologist on
the basis of progressive neurologic deterioration
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with qualitatively positive measles antibody in cere-
brospinal fluid (CSF), serum, or both. We excluded
children with bacterial, tuberculous, or viral menin-
gitis and children with intracranial masses. Because
quantitative measles antibody titers, CSF globulin
fractionation, brain biopsy, and uniform electroen-
cephalography were unavailable, we could not ap-
ply the full Dyken criteria; we classified cases as
clinically diagnosed SSPE with varying levels of
supportive evidence.

Variables

Age at reported measles infection and reported mea-
sles history came from parental or guardian recall
recorded at admission; measles history was recorded
as reported, absent, or unknown. Vaccination status
was likewise based on parent or guardian report re-
corded at admission and was not consistently verified
against immunization records.

Estimation of Year of Reported Measles Infection

For each patient, we calculated the interval between
measles infection and development of SSPE as age at
hospital admission minus age at measles infection.
We obtained the estimated calendar year of measles
infection by subtracting that interval from the year
of admission. We then compared estimated infection
years with the recorded periods of national measles
outbreak activity.

For the 14 children with a parent- or guardian-
reported history of measles, we calculated the inter-
val between reported measles illness and hospital
admission. We excluded 3 children with a reported
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measles-to-admission interval of <1 year from the in-
terval analysis, because such a short interval is atypi-
cal for SSPE and the timing of the reported measles
illness could not be independently verified. A very
short interval can also reflect acute measles encepha-
litis (within 14 days of rash onset) or acute dissemi-
nated encephalomyelitis (within weeks), rather than
SSPE, which follows a latency of years (1).

Statistical Analysis

We summarized categorical variables as frequencies
and percentages and summarized continuous vari-
ables as medians with interquartile ranges. We did
not group patients by admission year for compari-
son, because the multiyear interval between infection
and admission makes such grouping uninterpretable.
Analyses used Stata 16.1 (StataCorp LLC, https://
www.stata.com) and Microsoft Excel (https://www.
microsoft.com). The protocol was approved by the
National Children’s Hospital Institutional Review
Board (approval no. NCH-IRB 2023-12-NCT) using
unlinked, deidentified data.

Results
Twenty children admitted during January 1, 2007-
December 31, 2022, met the case definition. Cases
were unevenly distributed across the study period
(Figure 1, panel A). Eight (40.0%) of the 20 admis-
sions occurred in the final 3 years of the series, and 5
(25.0%) admissions occurred in 2022 alone.

Four patients had an estimated measles infection
year of 2018 or 2019, corresponding to the national out-
break period (Figure 1, panel B); all 4 had a reported

Figure. Hospital admissions
for subacute sclerosing
panencephalitis (SSPE) in
study of SSPE after measles
outbreaks, Philippines, 2007—
2022. A) SSPE admissions
by year (blue); B) the same
cases by estimated year of
measles infection (maroon).
Ivory bands mark periods of
reported nationwide measles
outbreaks (2010-2011, 2013,
2018-2019). For 1 patient,
no recorded age at measles
infection was available; that
patient is not represented in
panel B.
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Table. Demographic and clinical characteristics of 20 children with subacute sclerosing panencephalitis in study of subacute
sclerosing panencephalitis after measles outbreaks, National Children’s Hospital, the Philippines, 2007—2022*

Characteristic No. patients, N = 20
Sex

M 14 (70.0)

F 6 (30.0)
Median age at admission, y (IQR) 6.2 (3.8-8.4)
Median age at reported measles illness, y, n = 19 (IQR) 0.7 (0.4-2.0)
Median duration of symptoms before admission, d (IQR) 82 (30-128)
Median length of stay, d (IQR) 10 (6-14)
Nutritional status

No stunting, no wasting 12 (60.0)

Wasted, not stunted 5 (25.0)

Concurrent stunting and wasting 2 (10.0)

Stunted, not wasted 1(5.0)
No comorbidity 17 (85.0)
Tuberculosis 2 (10.0)
Bilateral cryptorchidism 1(5.0)
Reported measles history

Present 15 (75.0)

Unknown 4 (20.0)

Absent 1(5.0)
Vaccination

Measles vaccine only 11 (55.0)

Measles and MMR 6 (30.0)

None 3 (15.0)
Stage at admissiont

Stage 1 3(15.0)

Stage 2 12 (60.0)

Stage 3 5(25.0)

Stage 4 0

*Values are no. (%) except as indicated. IQR, interquartile range; MMR, measles, mumps, and rubella.
tClinical stage follows the conventional description of SSPE: stage 1, behavioral and cognitive decline; stage 2, myoclonus and seizures; stage 3,
extrapyramidal signs and progressive unresponsiveness; stage 4, coma or vegetative state (7,2).

measles history and positive CSF antibody, and all
were admitted during 2020-2022 with intervals of
2.1-3.5 years since measles infection. For 3 patients,
the estimated infection year was 2004; estimated in-
fection year for 1 patient was 2013. Most patients with
an estimable year (14 of 19) were infected outside rec-
ognized outbreak periods, consistent with continued
transmission between outbreaks.

SSPE was suspected at time of admission in 9
(45.0%) patients. The remainder were admitted under
other working diagnoses: probable intracranial mass
in 4 (20.0%) patients, meningitis in 3 (15.0%) patients,
encephalitis in 2 (10.0%) patients, and 1 (5.0%) each of
acute rheumatic fever and traumatic brain injury. At
discharge, 18 (90.0%) patients carried a diagnosis of
SSPE and 2 (10.0%) patients probable SSPE.

Of the 20 patients, 14 (70.0%) patients were male
and 6 (30.0%) were female. The median age was 6.2
years at admission and 0.7 years at reported mea-
sles illness; 10 of the 19 patients with an estimable
age were infected before the age of 9 months. Eight
children had stunting or wasting, and 3 had comor-
bidities. A reported measles history was present in 15
(75.0%), unknown in 4 (20.0%), and absent in 1 (5.0%).
Seventeen (85.0%) patients had received >1 measles-
containing vaccine; 11 (55.0%) patients had received a
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single dose only. Twelve (60.0%) patients were admit-
ted in stage 2 and 5 (25.0%) were admitted in stage
3 (Table; Appendix Table, https:/ /wwwnc.cdc.gov/
EID/article/32/11/26-1395-Appl.pdf). Among the
14 children with a reported measles history, the me-
dian interval from measles to hospital admission was
5.8 (interquartile range 3.5-8.9) years.

Among the 20 children, 5 had progressive neu-
rologic deterioration, tested positive for measles
antibody in CSF, and had characteristic electroen-
cephalography; 12 had progressive deterioration and
antibody-positive CSF without electroencephalogra-
phy; and 3 had progressive deterioration with anti-
body-positive serum only. Measles antibody testing
of CSF was performed in 17 patients and was positive
in all 17; serum antibody was tested in 13 and positive
in all 13. Both were tested in 10 patients; 3 patients
had serum testing alone. Electroencephalography
was performed in 5 patients (25.0%); all showed pat-
terns consistent with SSPE (7).

Discussion

In this 16-year series, cases of SSPE clustered in recent
years: 40% of admissions occurred in the last 3 years of
the study period (2020-2022) and one quarter occurred
in 2022 alone; 4 children had an estimated measles
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infection during the 2018-2019 outbreak. Because SSPE
follows measles after a latency of years, those observa-
tions most likely represent the leading edge of a post-
outbreak wave; additional cases might emerge over the
coming years. For public health, the priority is height-
ened measles surveillance, early recognition of SSPE in
children infected during recent outbreaks, and restora-
tion of high 2-dose vaccination coverage.

The short intervals between measles infection and
SSPE (2.1-3.5 years) seen in the 4 outbreak-associat-
ed cases do not indicate shortening latency: a child
infected in 2018 cannot show an interval beyond 4
years in a series closing in 2022, so recent cases are
truncated by the observation window. First-dose
coverage fell to 64% by 2021, enlarging the suscepti-
ble pool beyond the 2018-2019 cohort. A comparable
postoutbreak resurgence of SSPE has been reported
from the United Kingdom (8).

A reported measles history was absent or un-
known in a quarter of children; in those children,
diagnosis rested on progressive neurodegenera-
tion and presence of measles antibody in CSF or
serum. Absence of a reported measles history is
often used to argue against SSPE, yet such reason-
ing would have delayed or missed diagnosis in 5 of
those 20 children. Measles antibody testing of CSF
is therefore warranted in any child with progressive
neurodegeneration and myoclonus, regardless of
reported history.

Although 85% of children had received a mea-
sles-containing vaccine, that does not implicate vac-
cination: SSPE follows wild-type measles, not the
vaccine (1,2). Ten of 19 patients were infected before
9 months, the age of the first scheduled measles-con-
taining vaccine dose in the Philippines (3) and an age
group at particularly high risk for SSPE (1,2), and
most had received only 1 dose. Those findings sup-
port earlier and more complete 2-dose coverage and
supplementary immunization during outbreaks.

The profile (male predominance, diagnostic de-
lay of weeks to months) was broadly comparable
with an earlier Philippines series (6); undernutrition
and social disadvantage, noted locally (9), might
limit timely vaccination and thereby raise measles
and SSPE risk. SSPE cases in the Philippines current-
ly cannot be staged against international criteria be-
cause quantitative antibody titers, CSF globulin frac-
tionation, and consistent electroencephalography
and neuroimaging are unavailable, a diagnostic-ca-
pacity gap worth closing in a country with recurrent
measles outbreaks.

The first limitation of this study is that, as a sin-
gle-center retrospective review of 20 patients, it might
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not represent SSPE nationally, and no population
denominator was available, so counts cannot be ex-
pressed as rates. Second, measles history, age at infec-
tion, and vaccination status were based on guardian
recall and could not be verified; the infection-to-SSPE
interval is therefore estimated and could not be deter-
mined in one quarter of children. Measles antibody
was reported only qualitatively, and 3 children were
diagnosed using serum antibody without CSF con-
firmation, although the temporal findings were un-
changed when restricted to the 17 with CSF confirma-
tion. Finally, molecular confirmation and genotyping,
which require tissue, were not performed, and out-
come after discharge was not available.

In conclusion, measles antibody testing of CSF
should be considered in any child with progressive
neurodegeneration and myoclonus, irrespective
of the reported measles history. Additional SSPE
cases temporally associated with the 2018-2019 out-
break might continue to occur over the remainder
of the 2020s. National surveillance for SSPE should
be strengthened accordingly. Laboratory capacity
should be developed for quantitative measles anti-
body titration in serum and CSF and for CSF glob-
ulin fractionation, so that Philippine cases can be
characterized against international diagnostic crite-
ria. Prospective studies capturing outcome and sur-
vival in children from the Philippines with SSPE are
needed, as is evaluation of supportive and disease-
modifying treatment in this population, building on
the limited local experience with intravenous immu-
noglobulin (10). Efforts to restore and sustain 2-dose
measles vaccination coverage, including supple-
mentary immunization activities during outbreaks,
remain the only means of preventing disease. Where
postmortem or biopsy tissue is available, molecular
confirmation of measles RNA and genotyping to
link cases to circulating strains would strengthen fu-
ture SSPE surveillance.

Acknowledgments
We thank Tereynz Paul D. Mendoza for statistical analysis.

M.P.P. conceived the study, designed and performed the
analysis, and drafted the manuscript. M.S.R. acquired the
data and verified the references and source data. R.D.G.J.
reviewed the manuscript critically for important intellec-
tual content. All authors approved the final version and
agree to be accountable for all aspects of the work.

The authors used Claude (Anthropic, https:/ /www.
anthropic.com) in preparing this manuscript. The tool
assisted with verification of statistical calculations from
data extracted by the authors, generation of the figure,

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 32, No. 11, November 2026



and drafting and revision of the manuscript text. All
source data were collected by the authors. All analyses
were checked against the source data, all references were
verified by the authors against the statements they
support, and all content was reviewed and approved by
the authors, who take full responsibility for the accuracy
and integrity of the work.

About the Author

Dr. Palisoc is a pediatric neurologist in the Section of
Pediatric Neurology, National Children’s Hospital,
Quezon City, and Associate Professor II at the
Neuroscience Department, College of Medicine, San Beda
University, Manila. Her research interests include pediatric
epilepsy, neuroinfectious disease, and medical education.

References

1. GargRK, Mahadevan A, Malhotra HS, Rizvi I, Kumar N,
Uniyal R. Subacute sclerosing panencephalitis. Rev Med
Virol. 2019;29:€2058. https:/ /doi.org/10.1002/rmv.2058

2. Jafri SK, Kumar R, Ibrahim SH. Subacute sclerosing
panencephalitis — current perspectives. Pediatric Health
Med Ther. 2018;9:67-71. https:/ / doi.org/10.2147/
PHMT.S126293

3. Takashima Y, Schluter WW, Mariano KM, Diorditsa S,
de Quiroz Castro M, Ou AC, et al.; Centers for Disease
Control and Prevention (CDC). Progress toward measles
elimination — Philippines, 1998-2014. MMWR Morb Mortal
WKly Rep. 2015;64:357-62.

4. World Health Organization. UNICEF. WHO/UNICEF
estimates of national immunization coverage: Philippines,

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 32, No. 11, November 2026

Subacute Sclerosing Panencephalitis after Measles

2025 revision [cited 2026 Jul 23]. https:/ /worldhealthorg.
shinyapps.io/ wuenic-trends

5. Domai FM, Agrupis KA, Han SM, Sayo AR, Ramirez JS,
Nepomuceno R, et al. Measles outbreak in the Philippines:
epidemiological and clinical characteristics of hospitalized
children, 2016-2019. Lancet Reg Health West Pac. 2022;
19:100334. https:/ /doi.org/10.1016/j.lanwpc.2021.100334

6. Rabanes AC, Cruz-Urbi CM. Demographic, clinical,
imaging, and EEG characteristics of subacute sclerosing
panencephalitis. Eur ] Paediatr Neurol. 2017;21:2-45.
https:/ /doi.org/10.1016/j.ejpn.2017.04.944

7. Ali S, Kumar H, Ullah S, Hag MAU, Gul NG, Kumar J.
Electroencephalography patterns of subacute sclerosing
panencephalitis. Cureus. 2021;13:€15728.

8. Lam T, Ranjan R, Newark K, Surana S, Bhangu N,
Lazenbury A, et al. A recent surge of fulminant and
early onset subacute sclerosing panencephalitis (SSPE) in
the United Kingdom: an emergence in a time of measles.
Eur ] Paediatr Neurol. 2021;34:43-9. https:/ /doi.
org/10.1016/j.ejpn.2021.07.006

9. Pipo-Deveza JR, Kusuhara K, Silao CLT, Lukban MB,
Salonga AM, Sanchez BC, et al. Analysis of MxA, IL-4, and
IRF-1 genes in Filipino patients with subacute sclerosing
panencephalitis. Neuropediatrics. 2006;37:222-8.
https:/ /doi.org/10.1055/s-2006-924724

10. Lukban MB, Chua-Macrohon BC, Salonga AM. The use

of intravenous immunoglobulin in subacute sclerosing
panencephalitis: a retrospective cohort study. Acta Med
Philipp. 2013;47:46-50. https:/ / doi.org/10.47895/
amp.v47i1.2020

Address for correspondence: Maela P. Palisoc, Neuroscience
Department, College of Medicine, San Beda University, 638
Mendiola St, San Miguel, Manila 1005, Philippines; email:
mppalisoc@sanbeda.edu.ph

1797



SYNOPSIS

Predictors and Patterns of
Metastatic Candidozyma auris
Infection, Spain, 2016—2024

Pedro Suarez-Urquiza,* Alba Ruiz-Gaitan,* Eva Calabuig, Maria Tasias,
Victor Garcia Bustos, Ignacio Moreno, Maria Angeles Ferre, Ana Maria Moret,
Juan Frasquet, Patricio Favier, Javier Peman, Maria Jesus Castafio-Aroca,
Paula Muioz Brell, Monica Gordon, Maria Dolores Gomez-Ruiz, Miguel Salavert-Lleti

Metastatic infection after Candidozyma auris candidemia
remains poorly characterized. We retrospectively studied
patients with C. auris candidemia at a tertiary hospital in
Spain during 2016-2024. Of 108 patients, 24 (22.2%) ex-
perienced metastatic infections; endocarditis was most
frequent (7.4%), followed by osteoarticular infection, men-
ingitis, and hepatosplenic infection (3.7% each). In multi-
variable Fine—Gray regression, a cardiac device or pros-
thetic valve was independently associated with metastatic
infection (subdistribution hazard ratio [HR] 2.89 [95% ClI

Invasive candidiasis, in particular candidemia, is a
significant infectious threat, especially among pa-
tients in intensive care units (ICUs). It represents be-
tween 15%-30% of infections in these units and, de-
spite improvements in diagnosis and treatment, the
mortality rate associated remain high, 30%-60% in
most series (1,2). In that context, metastatic complica-
tion, in which infection spreads through the blood-
stream to other organs, plays a key role. The most
common manifestations include endophthalmitis, os-
teomyelitis, hepatosplenic abscesses, meningitis, and
endocarditis (3). Depending on underlying clinical
conditions and the screening protocols used, 4%-50%
of candidemia cases develop metastatic involvement
(4-7), which is frequently associated with increased
risk for death and prolonged hospitalization (8).
Candidozyma auris (formerly Candida auris) (9) is
an emerging, often multidrug-resistant yeast often

1.21-6.91]), although that association was attenuated in
a sensitivity analysis restricted to echocardiographed pa-
tients. Persistent candidemia showed a higher, nonsig-
nificant risk for metastatic infection in the day-5 landmark
analysis (subdistribution HR 2.67 [95% CI 0.86-8.32]).
Metastatic infection was associated with increased deaths
in time-dependent analyses at 60 days (adjusted HR 2.21
[95% CI 1.04—4.67]) and 90 days (adjusted HR 2.26 [95%
Cl 1.09-4.67]). Our findings support echocardiography in
patients with intracardiac devices.

associated with nosocomial outbreaks worldwide
(10,11). It can colonize patients and healthcare envi-
ronments. Since its identification in Japan in 2009 (12),
C. auris has been reported on all continents except
Antarctica and is often associated with high mortal-
ity rates. Most research to date has focused on its an-
tifungal resistance patterns, outbreak dynamics, and
infection control measures (11). However, its ability
to cause metastatic complications, such as ocular in-
volvement, endocarditis, osteomyelitis, or hepato-
splenic candidiasis, is poorly characterized. Available
evidence is largely confined to isolated case reports
and small series, in which endocarditis in recipients
of left ventricular assist devices and central nervous
system infection associated with neurosurgical de-
vices predominate (13-23). A few cohort studies have
reported secondary organ involvement in 7.7%-27%
of patients with C. auris candidemia, but they rarely
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specify the spectrum of complications, their predic-
tors, or their outcomes (18-20,22). Further investiga-
tion is essential to clarify its clinical spectrum and the
burden of secondary organ-specific infections. In this
study, we aimed to characterize clinical and micro-
biological features of patients with metastatic C. auris
infection after candidemia and to identify factors as-
sociated with metastatic involvement.

Methods

Study Design and Setting

We conducted this retrospective observational study
at the Hospital Universitari i Politecnic La Fe, a 900-
bed tertiary institution in Valencia, Spain, during
May 2016-December 2024. C. auris was first detected
in the institution in May 2016 during a hospital out-
break, and it has remained endemic since then, affect-
ing both ICU and non-ICU patients (24).

Patient Selection and Definitions

We identified all episodes of Candidozyma auris candi-
demia occurring in adult patients (>18 years of age)
during the study period through the laboratory in-
formation system. We then manually reviewed the
electronic medical records of the corresponding pa-
tients to collect demographic, clinical, microbiologi-
cal, treatment, and outcome data.

We classified patients according to the presence
or absence of metastatic infection, defined as com-
patible clinical manifestations together with either
microbiological confirmation from a normally sterile
site, radiologic findings consistent with metastatic in-
fection, or histopathologic evidence. In addition, the
presumed source of candidemia had to be unknown
or anatomically distinct from the metastatic site. We
defined persistent candidemia as the recovery of C.
auris from >1 blood culture obtained on or after day 5
after the index positive blood culture. We considered
the date of the index blood culture day 0.

Microbiology

We identified C. auris isolates using classical microbi-
ological phenotypic methods combined with matrix-
assisted laser desorption/ionization-time of flight
(MALDI-TOF) mass spectrometry (Bruker, https://
www.bruker.com). We conducted antifungal suscep-
tibility testing using the commercial microdilution
method Sensititre YeastOne (Thermo Fisher Scientif-
ic, https:/ /www.thermofisher.com) and interpreted
results in accordance with the tentative breakpoints
for C. auris established by the US Centers for Disease
Control and Prevention (25), because the Clinical and
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Laboratory Standards Institute has not defined spe-
cies-specific clinical breakpoints.

Statistical Analysis
We compared patients with metastatic C. auris infec-
tion after candidemia to those with confirmed candi-
demia without evidence of dissemination, to assess
clinical outcomes and potential associated factors. We
analyzed categorical variables using x* test or Fisher
exact test and continuous variables using unpaired f-
test or Mann-Whitney-Wilcoxon test, as appropriate.
For the competing-risk analysis, follow-up began
on the date of the index positive blood culture. The
event of interest was the diagnosis of metastatic in-
fection; we considered death before the diagnosis of
metastatic infection a competing event. We followed
patients who remained alive without documented
metastatic infection through their last documented
hospital contact. We estimated cumulative incidence
functions accounting for death as a competing event.
We developed a multivariable Fine-Gray regression
model; we included variables with p<0.1 in bivariable
analysis, together with variables considered clinically
relevant, to estimate subdistribution hazard ratios
(HRs) and 95% CI. To assess potential diagnostic bias
related to echocardiography, we performed a sensi-
tivity analysis restricted to patients who underwent
echocardiographic evaluation. To address immortal
time bias in the assessment of candidemia persis-
tence, we performed a landmark analysis restricted
to patients who survived beyond day 5 after the in-
dex blood culture. To further evaluate the associa-
tion between metastatic infection and mortality, we
performed a cause-specific Cox regression analysis
for 30-day, 60-day, and 90-day all-cause mortality re-
corded for all patients from electronic and regional
health records irrespective of hospital discharge,
treating metastatic infection as a time-dependent ex-
posure. Patients contributed person-time to the non-
metastatic infection group until diagnosis and to the
metastatic infection group thereafter. We included
age and Charlson Comorbidity Index score in an ad-
justed model. We performed statistical analysis us-
ing R version 4.5.0 (The R Project for Statistical Com-
puting, https://www.r-project.org); we considered
p<0.05 statistically significant.

Results

We included a total of 108 patients with C. auris can-
didemia. Among them, 24 (22.2%) experienced meta-
static infection. Forty-four (40.7%) patients died with-
out metastatic complications; we treated their deaths
as competing events. Forty (37.0%) patients remained
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alive without documented metastatic infection; fol-
low-up for those patients ended at their last available
hospital discharge date. The median age was 60.6
(interquartile range [IQR] 48.9-72.0) years, and 78
(72.2%) were admitted to the ICU.

No patient experienced >1 metastatic complica-
tion. The most frequent metastatic complication was
endocarditis, observed in 8 (7.4%) patients, followed
by osteoarticular infection (4 [3.7%]), meningitis (4
[3.7%]), and hepatosplenic infection (4 [3.7%]). Cho-
rioretinitis was documented in 1 (0.9%) patient. Three
(2.8%) additional patients experienced other late-on-
set complications such as aneurysm sac infection and
subcutaneous abscess. Among the 24 patients with
metastatic infections, the diagnosis was supported by
imaging findings in 18 (75.0%) patients, microbiologi-
cal confirmation from the metastatic site in 19 (79.2%)
patients, and histopathologic evidence in 4 (16.7%)
patients; those diagnostic modalities were not mutu-
ally exclusive. Most (84 [77.8%]) patients showed no
evidence of metastatic involvement beyond the initial
bloodstream infection.

Risk Factors for Complications
In bivariable analysis, patients who had meta-
static infections were older (median age 68.9 [IQR
54.4-75.5] vs. 59.7 [IQR 43.9-70.7] years; p = 0.065)
and had a longer duration of candidemia (median
6 [IQR 1-38] vs. 1 [IQR 1-5] days; p = 0.034) than
those without metastatic complications. A cardiac
device or prosthetic valve was significantly more
frequent in patients with metastatic infection than in
those without (54.2% vs. 26.2%; p = 0.020). Among
patients with cardiac devices or prosthetic valves,
prosthetic heart valves were the most frequent sub-
type in both groups, those with metastatic infection
and those without (6/13 [46.2%] vs. 12/22 [54.5%]),
followed by permanent pacemakers or implantable
cardioverter-defibrillators (5/13 [38.5%] vs. 10/22
[45.5%]). Left ventricular assist devices were present
in 2/13 (15.4%) patients with metastatic infections
and in none of the patients without. The distribu-
tion of device subtypes did not differ significantly
between groups (p = 0.266). Echocardiography was
performed significantly more frequently in patients
with complications (87.5% vs. 63.1%; p = 0.026). The
frequency of fundoscopic examination did not dif-
fer significantly between patients with and without
metastatic infections (83.3% vs. 64.3%; p = 0.087).
We reviewed the initial management of candi-
demia. We found no significant differences in early
central venous catheter removal (58.3% vs. 52.4%; p =
0.777), initiation of antifungal therapy within 48 hours

1800

(75.0% vs. 85.7%; p = 0.352), or resolution of the infec-
tious focus within 48 hours (12.5% vs. 19%; p = 0.557).
Initial antifungal treatment consisted predominantly
of echinocandin monotherapy, administered to 62.5%
of patients with and 78.6% of those without metastatic
infections. Amphotericin B monotherapy was used in
8.3% of patients with and 1.2% of those without meta-
static infections. No patients with metastatic infections
received isavuconazole monotherapy; 1.2% of patients
without metastatic infections received it. Initial combi-
nation antifungal therapy was administered to 29.2%
of patients with metastatic infections and 19.0% of
those without (p = 0.432). The most frequent combina-
tions were an echinocandin plus isavuconazole (16.7%
vs. 8.3%) and an echinocandin plus amphotericin B
(12.5% vs. 10.7%). We observed no statistically signifi-
cant differences in initial antifungal therapy between
groups or in patients with concurrent or underlying
conditions or baseline risk factors (Table 1).

We performed multivariable Fine-Gray compet-
ing risks analysis with death as a competing event;
the presence of a cardiac device or prosthetic valve
was the only factor independently associated with the
development of metastatic complications (subdistri-
bution HR [sHR] 2.89 [95% CI 1.21-6.91]; p = 0.017).
Age, previous candidemia, and recent surgery were
not independently associated with metastatic infec-
tion (Table 2). In a sensitivity analysis restricted to
patients who underwent echocardiography, the pres-
ence of a cardiac device or prosthetic valve was as-
sociated with metastatic infection in the unadjusted
Fine-Gray model (sHR 2.32 [95% CI 1.01-5.33]; p =
0.046). After adjustment for age, previous candi-
demia, and recent surgery, the estimated association
remained elevated but was not statistically significant
(sHR 2.15 [95% CI 0.90-5.15]; p = 0.085).

In the landmark analysis performed including
only patients alive at day 5 (n = 97), persistent can-
didemia at day 5 was associated with a higher risk
for metastatic complications, although that associa-
tion was not statistically significant (sHR 2.67 [95% CI
0.86-8.32]; p = 0.091). The presence of a cardiac device
or prosthetic valve remained an independent predic-
tor (sHR 4.04 [95% CI11.19-13.7]; p = 0.025) (Table 3).

Patient Outcomes

Crude mortality rate at 30 days after C. auris candi-
demia was 34.3%; at 60 days, 40.7%; and at 90 days,
46.3%. We found no significant differences between
patients with and without metastatic complications;
30-day rates were 20.8% vs. 38.1% (p = 0.184); 60-day:
33.3% vs. 42.9% (p = 0.547); 90-day: 41.7% vs. 47.6%
(p = 0.777). In cause-specific Cox regression analy-
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ses, metastatic infection, treated as a time-dependent
exposure, was not significantly associated with 30-
day mortality after adjustment for age and Charlson
Comorbidity Index (adjusted HR [aHR] 1.75 [95%
CI 0.58-5.29]; p = 0.323). However, metastatic infec-
tion was independently associated with higher risk
for death at 60 days (aHR 2.21 [95% CI 1.04-4.67]; p
= 0.038) and 90 days (aHR 2.26 [95% CI 1.09-4.67];
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p = 0.028) (Table 4). In addition, patients with meta-
static complications required significantly prolonged
antifungal therapy (median 43 [IQR [4.0-72.2] days vs.
23 [IQR 15.0-32.2] days; p<0.001) and longer hospital
stays, although the difference was not statistically
significant (median 47 [IQR 16.0-66.0] days vs. 22.5
[IQOR 15.2-29.8] days; p = 0.052). At the time of diag-
nosis of metastatic complications, 12.5% of patients

Table 1. Baseline characteristics of patients with Candidozyma auris candidemia in study of metastatic C. auris infection, Spain,
2016-2024*

Metastatic infection Metastatic infection

Variable Total, n =108 absent, n =84 present, n = 24 p value
Median age, y (IQR) 60.6 (48.9-72.0)  59.7 (43.9-70.7) 68.9 (54.4-75.5) 0.065
Charlson Comorbidity Index, median (IQR) 5(3-7.2) 5(2.8-7.2) 5.5(3-7.2) 0.465
Sex 0.757
M 76 (70.4) 58 (69) 18 (75)
F 32 (29.6) 26 (31) 6 (25)
Surgery in the past 30 d 44 (40.7) 30 (35.7) 14 (58.3) 0.080
Previous therapy
Broad-spectrum antibiotics 100 (92.6) 80 (95.2) 20 (83.3) 0.071
Previous antifungal treatment 30 (27.8) 25 (29.8) 5(20.8) 0.547
Corticosteroid therapy 21 (19.4) 14 (16.7) 7 (29.2) 0.284
Other immunosuppressive therapy 18 (16.7) 14 (16.7) 4 (16.7) Referent
Risk factors
Persistent candidemia 34 (31.5) 23 (27.4) 11 (45.8) 0.142
Median duration of candidemia, d (IQR) 1(1-8) 1(1-5) 6 (1-38) 0.034
Central venous catheter 93 (86.1) 72 (85.7) 21 (87.5) Referent
Previous multisite colonization 81 (75) 64 (76.2) 17 (70.8) 0.789
Parenteral nutrition 68 (63) 53 (63.1) 15 (62.5) Referent
Invasive mechanical ventilation 52 (48.1) 37 (44) 15 (62.5) 0.173
Cardiac device/prosthetic valve 35 (32.4) 22 (26.2) 13 (54.2) 0.020
Prosthetic heart valve 18 (51.4) 12 (54.5) 6 (46.2)
PPM/ICD 15 (42.9) 10 (45.5) 5(38.5)
Left ventricular assist device 2(5.7) 0 (0) 2 (15.4)
Solid organ transplant 6 (5.6) 3(3.6) 3(12.5) 0.122
Severe sepsis 24 (22.2) 19 (22.6) 5(20.8) Referent
Osteoarticular prosthesis 15 (13.9) 11 (13.1) 4 (16.7) 0.739
Hemodialysis 15 (13.9) 11 (13.1) 4 (16.7) 0.739
Previous candidemia 10 (9.3) 6 (7.1) 4 (16.7) 0.224
Profound neutropenia, <500 cells/uL 7 (6.5) 4 (4.8) 3 (12.5) 0.182
Concomitant bacteremia 6 (5.6) 6(7.1) 0(0) Referent
Admission department
Surgical intensive care unit 57 (52.8) 47 (56) 10 (41.7) 0.460
Medical intensive care unit 21 (19.4) 15 (17.9) 6 (25)
Other 30 (27.8) 22 (26.2) 8(33.3)
Management approach to candidemia
Catheter removed within 48 h 58 (53.7) 44 (52.4) 14 (58.3) 0.777
Non-catheter focus resolution within 48 h 19 (17.6) 16 (19) 3 (12.5) 0.557
Cardiac echocardiography performed 74 (68.5) 53 (63.1) 21 (87.5) 0.026
Fundoscopic examination performed 74 (68.5) 54 (64.3) 20 (83.3) 0.087
Initial antifungal therapy
Antifungal therapy within 48 h 90 (83.3) 72 (85.7) 18 (75) 0.352
Echinocandin monotherapy 81 (75) 66 (78.6) 15 (62.5) 0.181
Amphotericin B monotherapy 3(2.8) 1(1.2) 2(8.3) 0.123
Isavuconazole monotherapy 1(0.9) 1(1.2) 0(0) Referent
Initial dual antifungal therapy 23 (21.3) 16 (19) 7 (29.2) 0.432
Echinocandin + isavuconazole 11 (10.2) 7(8.3) 4 (16.7) 0.258
Echinocandin + amphotericin B 12 (11.1) 9 (10.7) 3(12.5) 0.727
Outcome
Median duration of antifungal therapy, d (IQR) 26.5 (15-35.2) 23 (15.0-32.2) 43 (4.0-72.2) <0.001
Median length of hospital stay after candidemia, d (IQR) 23 (15.5-42.5) 22.5 (15.2-29.8) 47 (16.0-66.0) 0.052
Deaths within 30 d 37 (34.3) 32 (38.1) 5(20.8) 0.184
Deaths within 60 d 44 (40.7) 36 (42.9) 8(33.3) 0.547
Deaths within 90 d 50 (46.3) 40 (47.6) 10 (41.7) 0.777

*Values are no. (%) except as indicated. ICD, implantable cardioverter-defibrillators; IQR, interquartile range Q1-Q3; PPM, permanent pacemakers.
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Table 2. Multivariable Fine—Gray competing risks regression
analysis of factors associated with metastatic infection in patients
with Candidozyma auris candidemia, Spain, 2016—-2024*

Variable sHR (95% CI) p value
Previous candidemia 1.61 (0.54-4.79) 0.412
Age, per year 1.02 (0.99-1.05) 0.241
Recent surgery 0.79 (0.33-1.90) 0.603
Cardiac device/prosthetic valve 2.89 (1.21-6.91) 0.017

*sHR, subdistribution hazard ratio.

were receiving combination antifungal therapy in-
cluding amphotericin B.

Susceptibility Profiles of Cases and Controls

Overall, echinocandins demonstrated MIC values
within the susceptible range according to the tenta-
tive breakpoints proposed by the US Centers for
Disease Control and Prevention. For anidulafungin,
MIC,, (MIC at which 50% of the isolates are inhibited)
was 0.125 mg/L; MIC, | (MIC at which 90% of the iso-
lates are inhibited) was 0.25 mg/L. For caspofungin,
MIC,, was 0.06 mg/L and MIC,, was 0.25 mg/L. For
micafungin, MIC,, was 0.06 mg/L and MIC, 0.125
mg/L. All isolates were susceptible to amphoteri-
cin B; MIC,; was 0.5 mg/L and MIC, was 1 mg/L.
In contrast, all isolates were resistant to fluconazole
(MIC >256 mg/L). Voriconazole MICs were consis-
tently >2 mg/L across all isolates. We observed no
significant differences in MIC values between groups
(Table 5).

Discussion

We identified metastatic complications in =25% of
patients with C. auris candidemia; endocarditis was
the predominant clinical manifestation. Those find-
ings underscore the propensity of C. auris to cause
invasive device-associated infections. The presence of
intracardiac devices or prosthetic valves was strongly
associated with metastatic dissemination in our pri-
mary analysis. In the sensitivity analysis restricted
to patients who underwent echocardiography, the
association remained similar in magnitude but was
no longer statistically significant after adjustment.
Although prolonged candidemia was associated
with dissemination in bivariable analysis, it did not
reach independent significance after accounting for

Table 3. Landmark analysis of factors associated with metastatic
infection in patients with Candidozyma auris candidemia, Spain,
2016-2024*

Variable sHR (95% CI) p value
Persistent candidemia at day 5 2.67 (0.86-8.32) 0.091
Age, per year 1.02 (0.98-1.06) 0.413
Previous candidemia 1.37 (0.31-6.13) 0.688
Cardiac device/prosthetic valve 4.04 (1.19-13.7) 0.025
Recent surgery 0.99 (0.32-3.07) 0.943

*Analysis restricted to patients surviving beyond day 5 (n = 97). Death was
retained as a competing event. sHR, subdistribution hazard ratio.
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competing risks. Crude mortality proportions did not
differ significantly between groups, but time-depen-
dent analyses identified an association between meta-
static infection and increased mortality at 60 and 90
days. Metastatic infection was also associated with
prolonged antifungal treatment; hospital stay was
longer among patients with metastatic infection, but
the difference was not statistically significant. We
observed no clear differences between groups with
respect to initial antifungal strategies or antifungal
susceptibility profiles, including MIC patterns.

Few published studies have described the inci-
dence of metastatic complications after C. auris can-
didemia. In a multicenter study (20), metastatic in-
fection was identified in 13 (8.02%) of 162 patients;
endocarditis was the most common complication,
consistent with our findings. Another study (19) re-
ported metastatic infection in 10 (27.02%) of 37 cases,
a proportion comparable to that observed in our co-
hort; however, neither the spectrum of complications
nor associated outcomes were specified. Lower rates
of metastatic infection were previously described
(18,22); as in our cohort, a substantial proportion of
patients in those studies received combination an-
tifungal therapy. Beyond those cohorts, published
experience is confined to isolated case reports and
small series, dominated by endocarditis in recipients
of left ventricular assist devices (15,17) and by cen-
tral nervous system infection associated with external
ventricular drains or intracranial pressure monitors
(14,21,23); osteoarticular involvement is described
only occasionally (13,16). That device-associated pat-
tern mirrors the one observed in our cohort, although
it may also reflect publication bias toward severe or
device-related manifestations. Interpretation of the
available literature is further limited by considerable
heterogeneity in study design, diagnostic strategies,
and outcome reporting, which hinders reliable com-
parisons and underscores the value of cohort-based
analyses such as our investigation.

The incidence of metastatic infection in our
study (22.2%) is situated within the broad range
previously reported for metastatic complications
in candidemia, estimated at 4%-50% (4-7,26). Our
findings are consistent with higher rates described
in critically ill and younger patient populations. The
CandidICU multicenter study in France identified
>1 secondary focus of infection in 21.8% of screened
ICU patients with candidemia (26), whereas a sep-
arate study in children and young adults reported
disseminated disease in 25% of evaluated episodes
(6). A notable finding of our study is the high inci-
dence of endocarditis (7.4%), which exceeded that
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Table 4. Cause-specific hazard of all-cause death associated with metastatic infection in patients with Candidozyma auris candidemia,

Spain, 2016—-2024*

Model and variable HR (95% CI) p value
30d
Metastatic infection, unadjusted 2.01 (0.70-5.76) 0.196
Metastatic infection, adjusted 1.75 (0.58-5.29) 0.323
Age, per year 1.02 (0.99-1.04) 0.295
Charlson Comorbidity Index, per point 1.02 (0.91-1.14) 0.782
60d
Metastatic infection, unadjusted 2.45 (1.15-5.20) 0.020
Metastatic infection, adjusted 2.21 (1.04-4.67) 0.038
Age, per year 1.02 (0.99-1.04) 0.181
Charlson Comorbidity Index, per point 1.06 (0.98-1.14) 0.172
90d
Metastatic infection, unadjusted 2.38 (1.15-4.94) 0.020
Metastatic infection, adjusted 2.26 (1.09-4.67) 0.028
Age, per year 1.01 (0.99-1.03) 0.300
Charlson Comorbidity Index, per point 1.06 (0.97-1.14) 0.191

*Adjusted models included age (per year) and the Charlson Comorbidity Index (per point). Patients were followed until death or at the end of the
corresponding follow-up horizon. HR, hazard ratio using cause-specific Cox proportional hazards models for all-cause death (n = 108).

reported in other previously published cohorts; that
difference could be attributable to the greater preva-
lence of intracardiac devices and prosthetic valves
in our population and the strong association of car-
diac devices with metastatic infection in our cohort.
Such an association is biologically plausible, given
the well-recognized ability of C. auris to form bio-
films on abiotic surfaces, which enables persistence
and infection of intracardiac devices (27). Prosthetic
heart valves were the most frequent type of cardiac
foreign material in both groups, whereas left ven-
tricular assist devices were observed only among
patients with metastatic infection. However, the
small number of patients within each device sub-
type precludes reliable subtype-specific inference.
Similarly, one study (7) reported an overall endo-
carditis incidence of 0.5%, increasing to 3.6% among
patients who underwent echocardiography evalua-
tion; of note, 1 of 4 patients with endocarditis had a
prosthetic valve. Another study (28) reported over-
all endocarditis incidence of 2.5% among patients
with candidemia and identified preexisting valvular
heart disease as an independent risk factor, further
supporting the contribution of structural cardiac
abnormalities to the development of Candida en-
docarditis. In addition, several case series have

described C. auris candidemia in patients with left
ventricular assist devices, frequently documenting
valvular or device-associated vegetations, consis-
tent with the pattern observed in our cohort (15,17).
Those observations are further reinforced by data
from our center in transplant populations, where a
particularly high risk for C. auris infection has been
identified among cardiac transplant recipients (29).

In our cohort, ocular involvement occurred in
0.9% of patients, a substantially lower proportion than
that reported in studies of Candida spp. candidemia
that identified ocular complications in 10%-16% of
systematically screened patients (7,30,31). That find-
ing also differs from one in which panophthalmitis
was the most frequently reported complication after
C. auris candidemia (18).

Although candidemia duration was associated
with metastatic dissemination in bivariable analysis
(p = 0.034), it was not confirmed as an independent
predictor in the multivariable Fine-Gray model. A
landmark analysis restricted to day-5 survivors, per-
formed to avoid immortal time bias inherent to the
definition of persistence, showed a higher but not sta-
tistically significant risk for metastatic dissemination
with persistent candidemia (sHR 2.67 [95% CI 0.86-
8.32]; p = 0.091), consistent with previous reports in

Table 5. Antifungal susceptibility of Candidozyma auris isolates from patients with and without metastatic infection, Spain, 2016—-2024*

Metastatic infection absent

Metastatic infection present

Antifungal drug p value MICso, mg/L MICg, mg/L MICso, mg/L MICgo, mg/L
Amphotericin B 0.521 0.5 1 0.5 1
Fluconazole 0.949 256 256 256 256
Itraconazole 0.440 0.25 0.5 0.125 0.5
Voriconazole 0.501 2 4 2 4
Caspofungin 0.416 0.06 0.125 0.06 0.25
Anidulafungin 0.192 0.125 0.25 0.125 0.25
Micafungin 0.853 0.06 0.125 0.06 0.125
Posaconazole 0.528 0.06 0.25 0.125 0.25
Isavuconazole 0.280 0.25 0.5 0.25 2
*MICso, MIC inhibiting 50% of C. auris isolates; MICgo, MIC inhibiting 90% of C. auris isolates.
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young adults (6) and in ICU settings (26) but likely
underpowered given the sample size.

In crude comparisons, the risk for death did not
differ between patients with and without metastatic
infection and was lower among those with metastatic
infection at day 30. The apparent paradox reflects the
fact that patients must survive long enough for dis-
semination to be diagnosed. When we modeled infec-
tion as a time-dependent exposure, the direction of the
association reversed; we observed that cause-specific
hazard of death was almost twice as high at 60 and 90
days than at day 30. Our findings are therefore consis-
tent with those published previously (20) that identi-
fied disseminated disease after C. auris candidemia as
an independent predictor of death. Patients with meta-
static disease in our cohort also required significantly
longer antifungal therapy (43 vs. 23 days) and longer
hospitalization, although the difference was not statis-
tically significant (47 vs. 22.5 days), consistent with pre-
vious studies showing that complicated candidemia
frequently requires prolonged treatment courses and
additional therapeutic interventions (7,26).

Our study cohort provided detailed clinical and
microbiological information on the range of metastat-
ic complications after C. auris candidemia in a hospi-
tal where the pathogen has remained endemic since
its emergence in 2016. The relatively large size of the
cohort and the extended period of data collection
enabled us to estimate the frequency of metastatic
involvement and identify factors associated with its
development. In contrast to previous reports, which
have largely been limited to case reports or small case
series (13-17,21,23), our study provided cohort-based
estimates of metastatic dissemination.

The retrospective, single-center design might
limit the generalizability of our findings, particularly
across settings with differing patient populations, di-
agnostic approaches, or antifungal stewardship strat-
egies. Furthermore, metastatic involvement might
have been underestimated; blood cultures have lim-
ited sensitivity, and advanced imaging, or invasive
diagnostic procedures were not performed system-
atically. Echocardiography was performed more fre-
quently in patients with metastatic infection, raising
the possibility of diagnostic ascertainment bias. Al-
though the association between cardiac devices and
metastatic infection remained similar in magnitude
in the sensitivity analysis restricted to patients who
underwent echocardiography, it was no longer sta-
tistically significant after adjustment. Therefore, re-
sidual detection bias cannot be excluded. Finally, the
relatively small number of patients with metastatic
infection limited statistical power and the precision of
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the effect estimates, particularly in the multivariable
and landmark analyses. We recommend caution in in-
terpreting the associations we observed; they should
not be considered definitive evidence of causality.

Our findings expand the body of knowledge of
C. auris candidemia, showing that metastatic compli-
cations are not uncommon and most frequently in-
volve the cardiovascular system, especially the heart.
The association with intracardiac devices and the
trend toward higher risk with persistent candidemia
observed in the landmark analysis suggest that dis-
semination may be driven by both device-related and
fungemia-related factors. Those results underscore
the need for heightened clinical vigilance and target-
ed cardiac assessment in at-risk patients.

Although it remains uncertain whether meta-
static complications occur more frequently in C. auris
candidemia than in infections caused by other yeast
species, the proportion observed in our cohort was
notable. That finding supports the potential value of
systematic colonization screening in healthcare set-
tings where C. auris has been identified, particularly
because previous studies suggest that colonization is
associated with an increased risk for subsequent inva-
sive infection (32).

Future studies should compare the risk for and
spectrum of metastatic complications of C. auris can-
didemia with those observed in other yeast infections.
Such comparative analyses are essential to determine
whether C. auris candidemia itself constitutes an in-
dependent risk factor for dissemination, beyond host-
related and device-related predictors. Multicenter
prospective studies with systematic screening for
deep-seated foci will establish the relative contribu-
tions of pathogen-specific versus host-related factors
in the pathogenesis of C. auris dissemination.

As of September 2026, international guidelines
recommend fundoscopy after candidemia in selected
patients, particularly those experiencing ocular symp-
toms, persistent fungemia, immunosuppression, or
an inability to report visual disturbances. Similarly,
echocardiography is advised in patients with suspect-
ed endocarditis (e.g., new cardiac murmur or embolic
phenomena), persistent candidemia, underlying val-
vular disease, or the presence of cardiac implantable
devices (33-35), although further research is needed
to determine the optimal timing for echocardiograph-
ic assessment after candidemia diagnosis. Our find-
ings support this risk-based approach and highlight
the importance of echocardiographic evaluation,
particularly in patients with prosthetic valves or in-
tracardiac devices; those subgroups exhibited the
highest risk for metastatic complications.
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Antibiotic drug—mediated changes in the human gut mi-
crobiota affect Clostridioides difficile colonization. We
created a compartmental model of C. difficile coloniza-
tion in nursing home residents to improve understand-
ing of how the gut microbiota mediates the transmission
process. When analyzing C. difficile colonization as a
function of the daily percentage of the nursing home
resident population on antibiotic drugs, the model dis-
played increases in C. difficile colonization as antibiotic
drug use increased. Reducing the daily percentage of
the nursing home resident population receiving antibiotic
drugs from 8% to 6.6% could halve endemic coloniza-
tion. In sensitivity analyses, increases in the time to re-
cover microbiota diversity, duration of colonization, daily
percentage of the nursing home resident population on
antibiotic drugs, and susceptibility to C. difficile in the
low-diversity microbiota population had the largest effect
on endemic colonization. Our model demonstrates that
reductions in antibiotic drug use yield reductions in C.
difficile colonization.

lostridioides difficile poses a serious threat to per-

sons within healthcare systems, especially nurs-
ing home residents and long-term acute care patients
(1). Both direct and indirect factors contribute to C.
difficile colonization risk (Figure 1). Antibiotic drug
use can disrupt the gut microbiome and lead to a de-
crease in microbial diversity and subsequent loss of
protection against pathogens (2,3). Previous studies
have demonstrated how antibiotic drug use and du-
ration (4,5), in addition to gut microbiome status (3),
affect a person’s risk for colonization and infection by
C. difficile (6).

One meta-analysis found that antibiotic drug
use within 3 months of the study period was not sig-
nificantly associated with C. difficile colonization, al-
though several studies within the analysis found that
prior hospitalization, within 6 months of the study
period, was associated with increased colonization
risk (7). Those results suggest 2 possible explanations:
collinearity between hospitalization and antibiotic
drug use widened the Cls for antibiotic drug use and
reduced statistical significance, or antibiotic drug use
increased colonization risk only when accompanied
by elevated C. difficile exposure at the facility level (7).

Person-level links between antibiotic drug use
and C. difficile colonization and infection cannot

Author affiliations: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA (M. Reeves, M.R. Mangalea, C.D. Gowler,
P. Paul, H. Wolford, J.D. Lutgring, S.C. Reddy, A.L. Halpin,

L.C. McDonald, R.B. Slayton); US Public Health Service,
Rockville, Maryland, USA (A.L. Halpin, R.B. Slayton)

DOI: https://doi.org/10.3201/eid3211.260743
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quantify the population-level consequences of anti-
biotic drug-induced microbiota disruption and the
drivers of transmission within a facility or population
(2-5). Together, those factors highlight the difficulty
of disentangling the direct and indirect effects of an-
tibiotic drug use on population level effects versus
exposure to C. difficile in a person, underscoring the
need to explicitly account for microbiome disruption.
Consolidating that information to elucidate C. difficile
transmission and the potential effects of public health
interventions remain a challenge that mathematical
models are well-suited to address (8). We built a mod-
el of antibiotic drug use, microbiota dynamics, and
C. difficile transmission to estimate the magnitude of
those indirect effects and to quantify the population-
level colonization effect attributable to microbiome-
mediated transmission.

Methods

Model Design

We developed a compartmental model (9) of C. difficile
colonization in nursing home residents in which mi-
crobiome status affects the transmission process (Fig-
ure 2). For microbiome status, we classified the popu-
lation into high and low ecologic diversity microbiota
groups, or a diversity, which quantifies bacterial spe-
cies’ relative abundance in a microbial community and
is a commonly reported metric of microbial commu-
nity diversity, especially in studies associating coloni-
zation (6,10) or antibiotic drug use (11-14; P. Ferretti,
unpub. data, https://doi.org/10.7554/eLife.90111.1)
with the microbiome. The rate of transition from the
high to low microbiota diversity group is proportional
to the daily percentage of the nursing home resident
population on antibiotic drugs. This structure reflects
the well-established observation that low microbiota
diversity is a risk factor for C. difficile colonization (15).
Within each high and low a diversity group, we fur-
ther stratified the population as either uncolonized or
colonized with C. difficile.

Transmission dynamics followed a susceptible-
infectious-susceptible framework. The low microbio-
ta diversity groups are more susceptible to C. difficile
colonization and are more infectious if colonized with
C. difficile. The C. difficile-colonized, low-diversity
microbiota group takes more time to recover micro-
biota diversity than the uncolonized counterparts.

!Preliminary results from this study were presented at the SHEA
Spring conference; April 12—14, 2023; Seattle, Washington, USA.

2These first authors contributed equally to this article.

3Current affiliation: Robert Koch Institute, Berlin, Germany
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Figure 1. Diagram showing
the relationships between
antibiotic drug use, gut
microbiome state, and
Clostridioides difficile
transmission in study of
antibiotic drug use effects

on the microbiome state

and endemic C. difficile
colonization and transmission
in nursing homes. Increasing
antibiotic drug use could
lead to higher C. difficile
transmission through indirect
effects, fully mediated by

gut microbiota. The negative
direct effects of antibiotic
drugs on gut microbiota are

Antibiotic Effects on C. difficile Colonization

related to changes in the gut microbiome state that influence host susceptibility to C. difficile, leading to an overall indirect effect of

antibiotic drugs on C. difficile colonization.

The C. difficile-colonized, high-diversity microbiome
group can spontaneously decolonize, but the C. dif-
ficile-colonized, low-diversity microbiota group can-
not. We chose this framework to reflect how well
C. difficile has evolved to survive in the gut (Table;
Appendix, Figure 1, http://wwwnc.cdc.gov/EID/
article/32/11/26-0743-Appl.pdf).

Both increased susceptibility and infectivity in-
crease the colonization rate, which is the force of infec-
tion in the model. Although increases in susceptibil-
ity and infectivity because of low microbiota diversity
are supported by several studies (6,20,21), their mag-
nitude is unknown and therefore assumed. Increased
susceptibility increases the colonization rate in the un-
colonized, low-diversity microbiota group, reflecting
reduced colonizationresistance to C. difficile when few-
er resource-competing microorganisms are present

Emerging Infectious Diseases *« www.cdc.gov/eid « No. 11, November 2026

in the gut. Increased infectivity increases the coloni-
zation rate in both the uncolonized, high-diversity
microbiota group and uncolonized, low-diversity mi-
crobiota groups. This effect is akin to the C. difficile-
colonized, low-diversity microbiota group shedding
more C. difficile spores, either from a higher C. difficile
bacterial load relative to competing microorganisms
or higher transmissibility because of symptomatic in-
fection in a portion of the population. We set a mod-
est increase in infectivity for the C. difficile-colonized,
low-diversity microbiota group well below the 15-30-
fold greater infectiousness that previous transmission
models attribute to symptomatic infection over as-
ymptomatic colonization (21). Because we were mod-
eling colonization dynamics rather than symptom-
atic C. difficile infection, and because susceptibility is
mechanistically established, we assume susceptibility

Figure 2. Simplified diagram of
a compartmental model in study
of indirect effects of antibiotic
drug use on the microbiome
state and the implications for
endemic Clostridioides difficile
colonization and transmission

in nursing homes. Each box
represents states nursing

home residents can fall under.
Each arrow denotes transitions
between different states (states
of high and low microbiota
diversity and uncolonized and
colonized with C. difficile). The
size of the population in the high
and low microbiota states is a
function of the daily percentage
of the nursing home resident
population on antibiotic drugs.

1809



RESEARCH

Table. Full parameter table for compartmental model of Clostridioides difficile colonization transmission in nursing home residents*

Variable or Modeled value
Description parameter notation range Sources
Initial and newly admitted proportion of population with low-diversity microbiota b 0-0.5 (6,10)
Total population size N 50-200 Assumed
Proportion of C. difficile—colonized newly admitted nursing home residents d 0-0.02 Assumed
Transmission rate B NA Fitted value
Relative increase in C. difficile infectivity because of low diversity microbiota <] 1-2.5 Assumed
Relative increase in susceptibility to colonization with C. difficile for low- w 1-5 Assumed
diversity microbiota group
Spontaneous C. difficile decolonization indicator for low-diversity microbiota n 0 Assumed
group
Antibiotic drug-induced transition rate from high to low diversity microbiota at 0.0014-0.07 Estimated
Daily nursing home resident population receiving antibiotic drugs, % abx 2-14 (16,17)
High to low microbiota diversity after starting antibiotic drugs, d 1} 2-15 (13)
Microbiota diversity recovery rate from low to high for C. difficile uncolonized of 0.0215-0.065 Estimated
group
Daily nursing home resident population not on antibiotic drugs, % 1 - abx 86-98 (16,17)
Recovery from low to high microbiota diversity when discontinuing antibiotic rq 15-40 (13)
drugs, days
Duration of C. difficile colonization, d 1y 24-90 (15,18)
Multiplier of microbiota diversity recovery for the C. difficile colonized group ¢ 0.75-1 Assumed
Average length of nursing home stay, d 1/¢ 25-406 (19)

*NA, not applicable.

ta = (daily percentage of the nursing home resident population on antibiotic drugs) x (1/days to go from high to low diversity upon starting antibiotic

drugs).

10 = (daily percentage of the nursing home resident population not on antibiotic drugs) x (1/days to recover from low to high diversity upon discontinuing

antibiotic drugs).

has a larger effect on the colonization rate than infec-
tivity in the low-diversity microbiota groups.

Microbiota-Mediated Indirect Effects

We first investigated microbiota-mediated indirect
effects of antibiotic drug use (Figure 1). We used
literature-informed parameter ranges to account for
and analyze how the microbiota mediates the effect
of antibiotic drug use on colonization risk in the nurs-
ing home population (Table). In our model, the low a
diversity group could have higher susceptibility and
infectivity and no spontaneous decolonization. We
included parameter values for a comparator model

in which the microbiome has no effect on C. difficile
colonization (Appendix Table 1).

Model Equilibria Dynamics

Using our model, we analyzed the equilibrium (i.e.,
endemic) dynamics, and all results reveal the equilib-
rium colonization prevalence (Appendix). We calcu-
lated the endemic colonization prevalence in response
to varying the daily percentage of the nursing home
resident population on antibiotic drugs. We assumed
the baseline daily percentage of the nursing home resi-
dent population receiving antibiotic drugs to be 8%
(17) and the percentage colonized at equilibrium to be

Figure 3. Model results from study of the indirect effects of antibiotic drug use on the microbiome state and the implications for endemic
Clostridioides difficile colonization and transmission in nursing homes. A) Total population; B) low microbiota diversity group; C) high
microbiota diversity group. Dashed horizontal lines represent endemic C. difficile colonization at 10% total colonization prevalence when
daily population-level antibiotic drug use is 8% (dashed vertical lines). The darker and lighter shaded regions show the central 50% and
95% simulation intervals, and the darkest solid lines depict median values. NH, nursing home.
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Antibiotic Effects on C. difficile Colonization

Figure 4. Results from study of the indirect effects of antibiotic drug use on the microbiome state and the implications for endemic
Clostridioides difficile colonization and transmission in nursing homes. A) Changes in colonization prevalence; B) and the percentage
decrease in transmissibility required to return the population to its original C. difficile colonization prevalence after a perturbation. Points
show the medians, and error bars mark the central 50% distribution of estimated values.

10% (22). We varied the daily percentage of the nurs-
ing home resident population receiving antibiotic
drugs from 2% to 14% and calculated the proportion
colonized with C. difficile at equilibrium. That range
denotes a symmetric 75% decrease and increase in the
daily percentage of the nursing home resident popu-
lation receiving antibiotic drugs; we chose this range
as reasonable because total elimination of antibiotic
drugs is not feasible. The daily percentage of the nurs-
ing home resident population receiving antibiotic
drugs affects movement from high to low microbiota
diversity and from low to high microbiota diversity.
The bidirectional effect of antibiotic drug use creates a
nonlinear relationship between antibiotic drug use and
the proportion of the population with low-diversity
microbiota. Because of the wide ranges for many of the
model parameters (Table), we fit 500 scenarios to cap-
ture the potential variation in endemic C. difficile colo-
nization and report the median, 50%, and 95% simula-
tion intervals for the 500 model scenarios (Appendix).

Parameter Effects and Uncertainty

Our compartmental model substantially simplifies C.
difficile colonization, microbiota diversity, and antibi-
otic drug use. We chose a simple model because of
limited data on pathogen natural history and within
host ecologic interactions. We aim to use mathemati-
cal modeling to help inform future data collection

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 32, No. 11, November 2026

efforts. With an eye toward applied public health
study design, we used the uncertainty in model pa-
rameters to evaluate their contribution to model out-
puts.

We increased individual model parameters
and calculated the increase in endemic colonization
prevalence and the reduction in transmission rate re-
quired to offset the difference between the baseline
and new colonization prevalence. This reduction
in the transmissibility parameter represents efforts
to disrupt transmission, such as hand hygiene with
soap and water, contact precautions, or related infec-
tion prevention and control interventions. We fit 500
scenarios to capture the potential variation and report
the median value and the 50% distribution of estimat-
ed values (Appendix).

Results

C. difficile Comparative Equilibrium

Colonization Prevalence

In our model, increasing the daily percentage of
the nursing home resident population on antibiotic
drugs generated higher endemic colonization preva-
lence; decreasing the daily percentage of the nursing
home resident population on antibiotic drugs re-
duced endemic colonization prevalence. When look-
ing at endemic colonization prevalence by microbiota
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diversity status, the proportion of each group colo-
nized as a function of antibiotic drug use increased
at a faster rate in the low-diversity microbiota group
compared with the high-diversity microbiota group
(Figure 3; Appendix Figure 2). The model predicts
that a reduction of 17.5% to the daily percentage of
the resident population receiving antibiotic drugs,
from 8% to 6.6%, would halve median colonization
prevalence to 5% (95% CI2.1%-8.0%).

Quantifying Parameter Uncertainty

In the sensitivity analysis, we sampled from param-
eter ranges as defined by the literature (Table). Uni-
formly sampled parameters (Appendix Figure 3) re-
vealed some weak correlations (Appendix Figure 4).
To gauge the effect of each parameter, we individually
increased parameters and calculated endemic C. diffi-
cile colonization. Many parameters had considerable
effects on median C. difficile colonization prevalence
(Figure 4, panel A). For example, increasing the daily
percentage of the nursing home resident population
receiving antibiotic drugs by 5% in the model led to a
median 15.3% increase in colonization prevalence in
the simulated nursing home (Figure 4, panel A). Al-
though the uncertainty around the estimated change
in colonization prevalence is substantial (interquar-
tile range [IQR] 10.8%-20.0%) (Figure 4, panel A), the
change corresponds to a roughly 2-4-fold increase
in the percent of residents colonized per percentage
increase in the daily percentage of the nursing home
resident population receiving antibiotic drugs.

Microbiome State and Transmissibility

Parameters in the model tying the microbiome state
and transmissibility (i.e., relative increases in infec-
tivity or susceptibility because of low-diversity mi-
crobiota) had both high effect and wide uncertainty
estimates (infectivity, median 14.4%, IQR 11.2%-
17.8%; susceptibility, median 15.3%, IQR 11.9%-
18.7%) (Figure 4, panel A). Parameters linking C.
difficile colonization and microbiome state also had
both high effect and wide uncertainty estimates. In-
creasing the microbiota diversity recovery time had
the largest effect (median 17.7%, IQR 13.2%-22.2%),
followed by the duration of colonization (median
16.0%, IQR 11.9%-19.9%) (Figure 4, panel A). In ad-
dition, parameters associated with low-diversity mi-
crobiota, such as the daily percentage of the nursing
home population receiving antibiotic drugs (median
15.3%, IQR 10.8%-20.0%) and the multiplier to mi-
crobiota diversity recovery for the colonized group
(median 9.8%, IQR 6.8%-13.3%) had large effects
on colonization prevalence with wide uncertainty,

1812

largely following the transmissibility parameter set
patterns (Figure 4, panel A).

We next quantified the percent reduction in the
transmission rate parameter required to restore the
original C. difficile colonization prevalence after the
model input parameters increased by 5%. The same
parameters affected in the sensitivity analysis re-
vealed a similar qualitative pattern when individual-
ly evaluated (Figure 4, panel B). For instance, increas-
ing antibiotic drug use overall by 5% would require a
median 2.7% (IQR 1.9%-3.3%) reduction in transmis-
sibility (e.g., increased contact precautions) to offset
the parameter change and return the population to its
original, lower colonization prevalence. The rankings
and relative magnitude of each parameter were com-
parable to colonization results (Figure 4, panel A).
The central 50% of estimates for most parameters also
exhibited considerable uncertainty for the required
decrease in transmissibility (Figure 4, panel B).

Discussion
Our modeling study demonstrates that the host mi-
crobiota diversity is critical in C. difficile colonization
prevalence at the population level. In our model,
colonization prevalence increased in response to in-
creased antibiotic drug use, and those nonlinear in-
creases are driven by the nonlinear relationship be-
tween antibiotic drug use and the proportion of the
population with low-diversity microbiota. That effect
is compounded because susceptibility and infectivity
are linked to that proportion. Because the microbiome
mediates the relationship, low-diversity microbiota
represents a modifiable risk factor for C. difficile colo-
nization, much like antibiotic drug use (4,23,24), but
one that can be directly targeted. Our results therefore
highlight the potential for microbiome-targeted thera-
peutics and pathogen reduction approaches to restore
or strengthen C. difficile colonization resistance (25).
Mechanistically, such interventions could decrease
the nonlinearity between antibiotic drug use and
the proportion of the population with low-diversity
microbiota or reduce the effect of low-diversity mi-
crobiota on colonization risk.

The construction of our mathematical model of
C. difficile transmission would be impossible without
data from laboratory experiments and population-
based observational studies on antibiotic drug use,
host microbiota diversity, and C. difficile colonization.
Through consolidating this data, our model reveals
that the effects of the microbiome state can create
dramatic changes. The model predicts that reducing
antibiotic drug use by <20% could halve endemic
colonization. Such a reduction could be achieved by

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 32, No. 11, November 2026



reducing unnecessary antibiotic drug use or shorten-
ing the duration of antibiotic drug courses when ap-
propriate. Because antibiotic drug stewardship inter-
ventions have been shown to reduce antibiotic drug
use in US long-term care facilities (26), reductions in
the daily percentage of the nursing home resident
population on antibiotic drugs could be feasible.

Incorporating the microbiome state might be nec-
essary to accurately predict changes in pathogen colo-
nization prevalence because of interventions such as
antibiotic stewardship programs and pathogen re-
duction efforts (27). Accounting for those microbiota-
mediated indirect effects, and reducing uncertainty
in associated parameters, is increasingly necessary as
new microbiome-targeted therapies emerge. That ac-
counting is especially relevant when antibiotic drug
use is unavoidable. Restoring microbiota diversity
after necessary antibiotic drug treatment is a critical
mechanism to leverage for reducing the susceptibil-
ity and infectivity that drives C. difficile transmission.
Microbiome-based pathogen reduction interventions
(e.g., fecal microbiota products and live biotherapeu-
tic products) promote changes in microbial growth
and work by reducing susceptibility (i.e., increasing
colonization resistance) or selectively decolonizing
body sites in the host to reduce infectivity and onward
transmission (25). Our model provides a framework
for evaluating the possible population-level effect of
such interventions depending on which pathways
they interrupt (e.g., duration of colonization, infec-
tivity, microbiota diversity recovery), helping pri-
oritize the treatments with the greatest potential to
reduce colonization.

The first limitation of our study is that we did
not distinguish between symptomatic C. difficile
infection and asymptomatic colonization. Persons
with symptomatic infection might have differences
in infectivity, microbiota diversity recovery rate, du-
ration of colonization, and antibiotic drug use com-
pared with persons with asymptomatic colonization.
Second, we have made assumptions about the rela-
tionships between low-diversity microbiota groups
and increases in colonization susceptibility and in-
fectivity. Although those mechanisms for increases
are supported by literature (6,20,21), the chosen val-
ues are not directly supported by literature. We have
chosen small ranges to avoid overstating the effect of
antibiotic drugs on model outcomes. Third, we chose
a diversity as our microbiota metric because of its
ubiquity in the literature and generalizability across
the nursing home population. Other measures of the
microbiome might have higher predictive value (28)
for colonization but require more individualized
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patient-level data. Fourth, we assumed a single lin-
ear relationship between antibiotic drug use over
time in the nursing home population and disruption
of the host microbiota. That relationship is likely
nonlinear and dependent on drug dose, duration, or
type (29-33). Previous work has linked specific an-
tibiotic drugs to increased colonization risk (23,34),
but accurately assessing the proportion of the pop-
ulation at an average nursing home receiving anti-
biotic drugs and the microbiome response remains
challenging because of a lack of data. In addition,
other medications might have adverse effects on the
gut microbiota and affect C. difficile colonization risk
(35). Fifth, we did not validate the modeled relation-
ship between population-level antibiotic drug use
and C. difficile colonization prevalence against em-
pirical data (Figure 3). That limitation reflects a lack
of paired data regarding antibiotic drug use and C.
difficile colonization prevalence at different levels of
antibiotic drug use. Our results should therefore be
interpreted as model-based projections rather than
empirically fitted results. Closing that gap is a key
priority for future work; measuring prevalence of
C. difficile colonization when antibiotic drug use
is low could validate our findings (Figure 3) that
small changes in antibiotic drug use can lead to
large changes in colonization prevalence. Confirm-
ing that finding with empirical data would consid-
erably strengthen the case for targeted stewardship
interventions. Finally, we did not make distinction
between competing C. difficile strains (e.g., nontoxi-
genic and toxigenic), which might yield different
disease outcomes.

We built a mathematical model that elucidates
the relationship between antibiotic drug use, gut mi-
crobiota diversity, and C. difficile colonization. To clar-
ify the relationship between antibiotic drug use and
colonization, we also quantified the relative effect of
individual model parameters on C. difficile coloniza-
tion burden. Two findings carry direct public health
relevance. First, the relationship between population-
level antibiotic drug use and colonization prevalence
is nonlinear: our model predicts that, as antibiotic drug
use approaches zero, there are larger effects on reduc-
tion in population-level colonization prevalence. Such
a reduction suggests even small increases in steward-
ship initiatives could have large effects, especially in
scenarios where antibiotic drugs use is already low.
Second, because gut microbiota composition mediates
that relationship, microbiota-targeting interventions
that restore diversity offer a complementary mecha-
nism for reducing colonization prevalence in situations
where antibiotic drug use is unavoidable. Achieving
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those goals will require data collection of relevant epi-
demiologic data to validate our findings. Our results
can help prioritize data collection, together with future
modeling, to better characterize the cascading popula-
tion-level effects of both microbiome-based pathogen
reduction and antibiotic drug stewardship.
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Global Genomic Surveillance
of Middle East Respiratory
Syndrome Coronavirus

James Richard Otieno, Ahmed Mohammed Albarraq, Francis Amirtharaj Selvaraj,
Amna Omair Al Mehairi, Esam Ibraheem Azhar, Christopher Ruis, Hasan Zackaria Ali Ishaq,
Asma Abi Mohamed Shah, Zelalem Tadesse, Qiu Yu, lhab El Masry, Hala Abou EI Naja,
Belinda L. Herring, Amal Barakat, Maria Van Kerkhove, Sophie von Dobschuetz, Lorenzo Subissi

Middle East respiratory syndrome coronavirus (MERS-
CoV) is a persistent zoonotic and epidemic threat. We
analyzed 807 publicly available human- and camel-de-
rived MERS-CoV genomes collected during 2012-2024
to assess global genomic surveillance. Most sequences
originated from Saudi Arabia and the United Arab Emir-
ates. Major gaps in surveillance persist across Africa
and South and Central Asia despite large camel popu-
lations, active trade, and evidence of viral circulation.
Phylogenetic analysis confirmed predominance of clade

Middle East respiratory syndrome coronavirus
(MERS-CoV) was first detected in humans in
2012 (1). Saudi Arabia has recorded 84% of the 2,617
laboratory-confirmed human cases reported to the
World Health Organization (WHO) as of May 2025
(2). Although limited human-to-human transmission
has been documented within healthcare settings and
in communities, most human infections are linked
directly or indirectly to contact with infected drome-
dary camels, the main animal reservoir (3). In camels,
infection is usually asymptomatic or mild (4), where-
as infected humans can suffer severe respiratory ill-
ness and a crude case-fatality ratio of #37% (5). More
than a decade after its discovery, MERS-CoV remains
a public health concern because of its epidemic and
pandemic potential, severe clinical outcomes, and the
absence of licensed vaccines or therapeutics (6).
MERS-CoV belongs to the Merbecovirus subge-
nus within the genus Betacoronavirus, which also

B in the Arabian Peninsula and clade C in East Africa,
consistent with regional patterns. We identified uneven
sampling, incomplete metadata, and long delays be-
tween sample collection and public sequence submis-
sion, often spanning years. Those limitations reduce the
value of genomic data for timely situational awareness.
Integrating genomic with population and trade data sup-
ports timelier, more representative, and coordinated
One Health surveillance for MERS-CoV but reveals ma-
jor blind spots.

includes severe acute respiratory syndrome corona-
virus (SARS-CoV), which caused the SARS epidemic
in 2002-2003, and SARS-CoV-2, responsible for the
COVID-19 pandemic (7). Three major clades within
the MERS-CoV phylogeny have been identified,
clades A, B and C, which differ in their geographic
distribution and ecology. Differences in the clades
phenotypic properties are still being investigated (8).
Understanding MERS-CoV genetic diversity there-
fore remains necessary for situational awareness, in-
terpretation of transmission patterns, and future pre-
paredness planning (9,10).

Genomic epidemiology has become a critical
component of pathogen surveillance, enabling the
description of pathogen diversity, the contextual-
ization of outbreaks, and identifying changes in cir-
culating lineages over time (11). However, the util-
ity of genomic surveillance depends not only on the
existence of and access to sequence data but also on
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how representative, timely, and well annotated those
data are. Recent reviews have documented major
MERS-CoV surveillance and research gaps, such as
incomplete virologic and serologic evidence in drom-
edary populations from Africa and South and Central
Asia, uneven genomic characterization, and regional
differences in research priorities (12-14). MERS-CoV
sequence availability remains uneven across regions,
and the extent to which currently available public ge-
nomic data support global situational awareness re-
mains unclear.

MERS-CoV exhibits distinct epidemiologic pat-
terns across regions. In Africa, clade C predominates
in dromedary camels, yet we could not find evidence
of officially reported autochthonous human cases
despite serologic evidence of infection among oc-
cupationally exposed humans in some settings (15).
Recent systematic reviews similarly highlight limited
and uneven virologic and genomic evidence from
camel populations in Africa (12,13). In the Arabian
Peninsula, clade B predominates and is associated
with high infection rates in dromedary camels and
repeated spillover into humans, alongside occasional
human-to-human transmission. Transmission inten-
sity might vary seasonally, with increased spillover
risk after the camel calving season, when maternal-
ly derived immunity in young camels declines and
susceptibility increases (16). Although the reasons
underlying those regional differences are not fully re-
solved, ex vivo studies suggest biological differences
between clades, including variation in replication ef-
ficiency and host cell entry, that might contribute to
their distinct epidemiologic patterns (17). Of note, re-
cent detection of clade B sequences in camels from Af-
rica suggests possible geographic expansion and un-
derscores the importance of representative genomic
surveillance (18,19).

We evaluated the current landscape of publicly
available MERS-CoV genomic data as a surveillance
resource. Rather than reconstructing the full evolu-
tionary history of MERS-CoV, we assessed whether
existing genomic data support timely and repre-
sentative situational awareness. Specifically, we as-
sessed sequence availability by country, host, and
year; examined the completeness and operational
usefulness of accompanying metadata; analyzed
turnaround time between sample collection and
public sequence submission; and contextualized ge-
nomic sampling against camel population size and
reported camel trade flows. Our findings highlight
practical gaps that might limit genomic risk assess-
ment and suggest priorities for strengthening One
Health surveillance.
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Methods

Dataset Curation

On August 18, 2026, we retrieved all MERS-CoV
sequences from GenBank by using the following
taxonomy identifier query: (txid1335626[Organism:exp] OR
id1298362[Organismeexp] OR  txid1306931[Organism-
exp]) (Appendix 1, http://wwwnc.cdc.gov/EID/article/
32/11/26-0668-Applxlsx) (20). We restricted analyses to
human- and camel-derived sequences because these hosts
represent the main epidemiologic interface for zoonotic trans-
mission. To improve dataset reliability and comparability,
we excluded sequences containing >10% ambiguous bases
or <15,000 nucleotides, *<50% of the reference genome length
(30,119 bp) (National Center for Biotechnology Information
RefSeq [https:/ /www.ncbinlm.nih.gov/refseq] identifica-
tion no. NC_019843.3). We supplemented missing or incom-
plete metadata, including geographic origin, host species, and
collection dates, where possible through cross-referencing
with published literature and public reports. We used the re-
sulting curated dataset for all downstream analyses.

To support standardized genomic classifica-
tion and quality assessment, we also developed a
MERS-CoV Nextclade community dataset on the
basis of the curated reference genome and clade frame-
work used in this study (https://nextstrain.org/
community/jrotieno/mers_cov). This resource is in-
tended to enable more consistent clade assignmentand
interpretation across MERS-CoV genomic analyses.

Sequence Alignments and Phylogenetic Analysis

We conducted multiple sequence alignment of the
MERS-CoV genome sequences at the nucleotide
level by using MAFFT version 7.526 with default
parameters (21). We undertook manual inspection
and editing of the alignments on AliView version
1.30 to ensure robust and accurate alignment of the
dataset (22). We reconstructed phylogenetic trees
by using IQ-TREE version 3.1.3 and by using the
best-fit nucleotide substitution model (general time
reversible plus empirical base frequencies plus in-
variable sites plus discrete gamma model with 4
rate categories) identified by using ModelFinder
on the basis of the Bayesian information criterion
(23,24). We used ultrafast bootstrap analysis (1,000
replicates) to assess branch support (25), and visu-
alized trees in FigTree version 1.4.4 (https://tree.
bio.ed.ac.uk/software/figtree).

We verified MERS-CoV clade assignments
through comparison with reference sequences and
analysis of tree topology. To validate clade assign-
ment accuracy, we considered additional metadata,
including geographic origin and host species.
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Because this study evaluated public genomic
data as a surveillance resource, our phylogenetic
analyses contextualized known MERS-CoV clades
across regions, hosts, and time rather than infer-
ring detailed transmission histories or evolution-
ary rates. To summarize genetic diversity within
clades, we calculated the mean and median pair-
wise distances by using the dist.dna function (model

= raw) from the ape package in R version 4.6.1
(The R Project for Statistical Computing, https://
www.r-project.org), applying pairwise deletion to
handle missing data.

Turnaround Time Analysis

To evaluate timeliness of public genomic data shar-
ing, we calculated turnaround time (TAT) as the
interval between sample collection and public se-
quence submission dates. We excluded sequences
lacking complete collection or submission date
metadata. We summarized TAT primarily by using
median values to reduce the influence of extreme
outliers and stratified results by WHO region, host,
and year when possible. Because rapid sequence
availability is central to public health value of ge-
nomic surveillance, we treated TAT as an opera-
tional indicator of surveillance performance rather
than a virologic characteristic.

Camel Population and Movement Data

To contextualize genomic sampling in relation to
camel populations, trade patterns, and sequence
sampling density, we used camel population and
trade data from the Food and Agriculture Orga-
nization of the United Nations statistics database
(FAOSTAT, https://www.fao.org/faostat). FAO-
STAT reports aggregate camel populations without
distinguishing between dromedary and Bactrian
camels. We used data as broad contextual indica-
tors of camel-associated surveillance coverage and
not as species-specific estimates of dromedary res-
ervoir size.

To align with the temporal coverage of the
MERS-CoV sequence data, we restricted analyses
to 2013-2024 for camel population and trade met-
rics. Camel data from 2025 were unavailable, and
2012 was excluded from some summary analyses
because only 6 genomic sequences were available
from that year.

We calculated annual camel sequence sampling
density per 1 million camels and estimated country-
level sampling density by using the median camel
population over the study period. Those metrics were
defined as:

1818

Sampling density per year (per 1 million camels =

no. camel sequences for year o
X 1 million

camel population for year

Country sampling density (per 1 million camels) =

country total camel sequences
x 1 million

country median camel population

We visualized live camel trade flows to identify
settings where genomic surveillance might be lim-
ited relative to the scale and connectivity of animal
movement networks. Those analyses were intended
to provide ecologic and operational context for sur-
veillance interpretation, rather than to directly infer
viral movement through trade.

Results

Geographic Concentration of MERS-CoV

Genomic Data

We identified 1,738 MERS-CoV sequence records.
After restricting the dataset to human- and camel-de-
rived sequences and applying predefined length, am-
biguity, and metadata curation criteria, we retained
807 sequences for analysis. Sequences represented 18
countries across 6 WHO regions, and collection dates
spanned 2012-2025 (Appendix 1). The dataset com-
prised 449 (55.6%) camel-derived sequences and 358
(44.4%) human-derived sequences. Most sequences
belonged to clade B (89.3%; n = 721 sequences, 356
human, 365 camel), whereas clade C accounted for 83
genomes (10.3%, all camel) and clade A for 3 genomes
(0.4%, 2 human, 1 camel).

Of the 807 genomes, 52.5% originated from Saudi
Arabia, making it by far the largest contributor to the
public MERS-CoV sequence record (Figure 1). To-
gether, Saudi Arabia and the United Arab Emirates
(UAE) accounted for 75.0% of all genomes analyzed.
Saudi Arabia contributed both camel- and human-
derived sequences from many years, whereas the
UAE dataset was concentrated during 2013-2017 and
was predominantly camel-derived. The remaining
countries contributed <5% of all genomes individu-
ally, highlighting the narrow geographic basis of the
current public evidence base (15,26-30).

Regionally, the WHO Eastern Mediterranean
Region (EMR) (including Morocco, Tunisia, Libya,
Egypt, Sudan, Djibouti, and Somalia) contributed
681 (84.4%) genomes to the public dataset. However,
the WHO African Region (AFR) contributed only 67
(8.3%) genomes, indicating substantial underrepre-
sentation of key transmission settings in the global
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Figure 1. Breakdown of Middle East respiratory syndrome
coronavirus sequences detected by country, host, and clade by
year during global genomic surveillance, 2012—-2025. A) Number
of publicly available curated genome sequences by country

and year of sampling. B) Proportion of sequences by host. C)
Proportion of sequences by clade. The red star for United Arab
Emirates in 2015 denotes a single clade A sequence. Available
sequences by year: 2012, n = 8; 2013, n = 69; 2014, n = 115;
2015, n = 320; 2016, n = 75; 2017, n = 86; 2018, n = 20; 2019, n
=32; 2020, n =1; 2021, n = 3; 2022, n = 7; 2023, n = 35; 2024,

n = 15; 2025, n = 2. The total number of available sequences is
shown in parentheses for each country in the y-axis. Countries are
colored by World Health Organization region: gold, Africa Region;
magenta, Region of the Americas; green, Eastern Mediterranean
Region; black, European Region; blue, South-East Asia Region;
red, Western Pacific Region.

genomic dataset. Sequences were also available from
the WHO European region (n = 15, from France, the
United Kingdom, and Kazakhstan) and the Region
of the Americas (n = 3, from the United States). The
human sequences from those 2 regions were mainly
associated with travel-related MERS-CoV cases ex-
posed in the Arabian Peninsula and rare, limited
onward human-to-human transmission (31,32). The
Kazakhstan sequence was obtained from a resident
camel and characterized as clade B. We used WHO
regional groupings to summarize surveillance con-
tributions and operational patterns, not to imply bio-
logically homogeneous evolutionary units.

TAT is a key determinant of the operational val-
ue of genomic surveillance (33). Across the global
MERS-CoV dataset, TAT varied markedly by region
and time (Appendix 2 Figure, http://wwwnc.cdc.
gov/EID/article/32/11/26-0668-Appl.pdf).  Early
submissions, particularly in 2013-2014, had shorter
delays, whereas more recent submissions often re-
flected substantially longer lags, in some cases ex-
ceeding 5 years. Overall, median TAT increased
over time, with wide variability between countries
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and submission periods. Our results indicate that
MERS-CoV sequences might not be available in time
to support real-time situational awareness, outbreak
interpretation, or timely assessment of changes in cir-
culating viral diversity.

MERS-CoV Clades Phylogenetic Structure,
Geographic Distribution, and Host Associations
MERS coronaviruses exhibit distinct evolutionary
and epidemiologic characteristics by clade and host
(Figures 2-4). Clade C (n = 78) viruses are character-
ized by long branch lengths (Figure 2) and a median
pairwise nucleotide distance of 159 nucleotide bases
(mean 152 bases, SD + 0.80), consistent with their ge-
netic divergence within camel populations sampled
in both WHO EMR and AFR (Figures 3, 4). Whereas
clade A had too few genomic sequences (n = 3) to gen-
erate a meaningful estimate, clade B (n = 716) had a
median pairwise distance of 57 bases (mean 68 bases,
SD + 0.06).

In publicly available genomic data, in EMR, clade
B has replaced clade A, with the last clade A sequence
from the region collected from a camel in 2015 (34).
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Figure 2. Maximum-likelihood phylogenetic tree highlighting the
primary Middle East respiratory syndrome coronavirus clades
described during global genomic surveillance, 2012-2025. The
tree is rooted on a clade A sequence from GenBank (accession
no. KC776174.1), indicated by the black star. The branches are
colored by clade. Bootstrap values are shown for major nodes.

Although clade B MERS-CoV sequences have histori-
cally been restricted to the Arabian Peninsula, recent
genomic surveillance has documented the introduc-
tion of clade B sequences into the continent of Afri-
ca, specifically identified in dromedary camels from
Egypt (19). As clade B continues to diversify (Figure
5, panel A), those viruses have been characterized
into multiple lineages (35-37). Apart from a single
travel-related human sequence collected in December
2025, the most recent human clade B sequences date
back to January 2024, underscoring the need to moni-
tor geographic distribution and lineage composition
in exposed camel and human populations.

Clade C has been identified in WHO AFR (Kenya,
Burkina Faso, Ethiopia, and Nigeria) and EMR (Egypt
and Morocco), with all the sequences coming from
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continental Africa (29,38,39). The clade C phylogenet-
ic tree (Figure 5, panel B) demonstrates temporal and
geographic clustering, especially among sequences
from Ethiopia and Kenya, including recent clusters
from Kenya during 2022-2023, compatible with on-
going circulation and diversification in parts of East
Africa. Sequences from Egypt were found across
multiple sampling years and included a recent 2023
camel-associated cluster, whereas sequences from Ni-
geria formed a geographically distinct but temporally
limited cluster during 2015-2016 (19). Sparse and un-
even sampling limits wider regional interpretation.
To date, clade C has been associated with human
infections only indirectly (15); however, underreport-
ing cannot be ruled out (17).

Surveillance Gaps and Implications for

MERS-CoV Transmission

Among 47 countries with available camel population
data (Figure 6), 27 had median populations >100,000
animals and 9 had median populations >1 million
animals. Because FAOSTAT does not distinguish
dromedary from Bactrian camels, those figures rep-
resent aggregate camel populations and should be
interpreted as contextual indicators rather than direct
estimates of the distribution of the MERS-CoV drom-
edary reservoir. Camel-derived MERS-CoV genomes
were available from 12 countries, but only 10 (37.0%)
of the 27 countries with median camel populations
of >100,000 animals were represented. That compari-
son indicates gaps in genomic surveillance relative to
camel populations and recognizes that the denomina-
tor is not species-specific.

We calculated a contextual sampling-density
metric as the number of genomes per 1 million cam-
els, stratified by country and year (Figure 7). The data
demonstrated disparities in sampling efforts; genom-
ic sequences per 1 million camels were a median of
353 for Saudi Arabia, 334 for UAE, 103 for Egypt, 20
for Ethiopia, 10 for Qatar, and 7 for Kenya. No for-
mal minimum sampling density is established ac-
cording to our literature review; nevertheless, those

Figure 3. Percentages of
clades A, B, and C Middle
East respiratory syndrome
coronavirus sequences, by
host species, described during
global genomic surveillance,
2012-2025.
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findings demonstrate substantial heterogeneity and
supportmoreconsistent, geographicallyrepresentative
camel surveillance.

Live camel trade might create opportunities for
cross-border virus movement, but currently available
trade and genomic data are insufficient to quantify
that relationship directly. Nevertheless, the scale and
complexity of camel trade flows highlight surveil-
lance blind spots in several highly connected settings
(Figure 8). We observed substantial trade activity
among countries in EMR and between parts of Af-
rica and the Arabian Peninsula, although genomic
data remained absent or outdated for several coun-
tries participating in those networks. Those find-
ings support stronger surveillance at transit, market,
and other animal-human interface settings. Of note,
trade flows are not evidence of MERS-CoV infection,
infected-animal movement, or viral circulation; they
are presented only as contextual indicators of animal-
movement connectivity. Australia is a useful example
because its large feral dromedary population might
not be fully represented in conventional livestock sta-
tistics (40). The small Australia-directed flows shown
(Figure 8), 5 camels in 2015 and 1 in 2021, indicate
animal movement only and should not be interpret-
ed as evidence of MERS-CoV infection or circulation
in Australia.

Discussion

We evaluated the extent to which publicly avail-
able genomic data support global situational aware-
ness for MERS-CoV. More than a decade after
MERS-CoV was first identified, the public genomic re-
cord remains highly concentrated in a small number
of countries, with major gaps in representativeness,
metadata completeness, and timeliness. Those limi-
tations constrain not only comparative phylogenetic
interpretation but also the practical use of genom-
ics for surveillance, risk assessment, and operation-
al decision-making across both human and animal
health systems.

Available genomic data show that clade B domi-
nates among publicly available human and camel
genomes from the Arabian Peninsula, whereas clade
C remains largely represented by camel-derived ge-
nomes from Africa. Those findings are consistent with
previous reports and support marked regional phylo-
genetic structure. However, the limited and uneven
availability of genomes, particularly from settings in
Africa and South and Central Asia, means that crucial
components of viral diversity might remain unsam-
pled. Recent MERS-CoV clade B genomes detected
in camels originating from Egypt and Kazakhstan
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Figure 4. Temporal and regional distribution of Middle East
respiratory syndrome coronavirus sequences for each clade
described during global genomic surveillance, 2012-2025. A)
Clade B, n = 721; B) clade C, n = 83; C) clade A, n = 3. Bar colors
indicate World Health Organization region: gold, Africa Region
(AFR); magenta, Region of the Americas (AMR); green, Eastern
Mediterranean Region (EMR); black, European Region (EUR);
blue, South-East Asia Region (SEAR); red, Western Pacific
Region (WPR).

underscore the importance of geographically repre-
sentative genomic surveillance and generation of full-
length genome sequences for timely risk assessment
(18,19). Although the current data identify surveil-
lance gaps and broad phylogenetic structure, they do
not enable definitive conclusions about global evolu-
tionary dynamics.

Our findings complement recent reviews of
MERS-CoV epidemiology, camel infection, genom-
ic features, and regional research priorities (12,13).
Whereas previous studies primarily synthesized epi-
demiologic or genomic evidence, our study evaluates
the public genomic record as an operational surveil-
lance resource by quantifying geographic represen-
tation, metadata completeness, submission delays,
and coverage relative to camel populations and trade
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Figure 5. Maximum-likelihood phylogenetic trees of Middle East respiratory syndrome coronavirus described during global genomic
surveillance, 2012-2025. A) Clade B sequences. The tips are colored by the year of sample collection. B) Clade C sequences. The
tip-shape represents the country of isolation, and the color represents the year of sample collection. Scale bars indicate nucleotide

substitutions per site.

networks. We observed large disparities in camel ge-
nomic sampling density across countries with sub-
stantial camel populations. Median sequence density
was far higher in Saudi Arabia and UAE than in Ke-
nya or Ethiopia, whereas several countries with large
camel populations lacked publicly available genomic
data. Those disparities likely reflect targeted stud-
ies, differences in laboratory capacity, funding, and
data-sharing practices. Our findings support context-
appropriate reporting standards for camel genomic
surveillance and the need for clearer denominator data.

The integration of camel population and trade
data provides an operational perspective on where
genomic surveillance might be most incomplete.
Although our analyses do not directly demonstrate
trade-mediated viral movement, they show that sev-
eral countries participating in major trade networks
have limited, outdated, or no public genomic data.
That gap is particularly relevant for routes linking
endemic areas and high-contact animal movement
corridors. Better integration of genomic, epidemio-
logic, and animal movement data would improve

Figure 6. Median camel populations by country described during global genomic surveillance, 2012—-2025. Map courtesy of the World

Health Organization.
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interpretation of cross-border risk and help priori-
tize surveillance in high-connectivity settings.

A contribution of note is the analysis of TAT from
sample collection to public sequence submission. Al-
though sequence availability is often used as a proxy
for surveillance effort, timeliness is equally critical for
public health utility. Many MERS-CoV genomes are
shared only after substantial delays, often years after
collection, limiting their utility for timely risk assess-
ment or outbreak interpretation. Those delays likely
reflect differences in surveillance design, sequencing
workflows, publication timelines, and data-sharing
practices. For MERS-CoV, improving TAT might be
crucial, as well as increasing the absolute number of
publicly available genomes, and particularly relevant
for a zoonotic pathogen with sporadic spillover and
fragmented surveillance.

The main challenge for MERS-CoV genomics
is ensuring that sequence data are representative,
timely, and interpretable enough to support public
health action. Strengthening routine genomic sur-
veillance in camels and humans, improving meta-
data completeness, and reducing delays in public
data sharing would increase the operational value of
MERS-CoV genomics.

Whole-genome sequencing should be applied
strategically rather than universally. Targeted se-
quencing might be sufficient when the objective is a
defined diagnostic, antiviral resistance, or vaccine-
relevant genomic region. However, representative
full or near-complete genomes provide broader sur-
veillance value by supporting clade and lineage as-
signment, detecting unexpected genetic changes,
assessing recombination, placing sequences in an
evolutionary context, and investigating unusual
epidemiologic events. A tiered approach combining
routine diagnostic testing with representative whole-
genome sequencing through national or regional ref-
erence laboratories would be appropriate.

Existing global initiatives, such as the WHO Coro-
navirus Network, provide a platform for strengthen-
ing laboratory and analytical capacity, enabling data
sharing, and promoting harmonized approaches to ge-
nomic surveillance (41). However, network representa-
tion and national sequencing capacity remain uneven
across regions with substantial camel populations or
epidemiologic relevance to MERS-CoV. In countries
where national sequencing capacity is limited, refer-
ral of selected positive specimens to regional reference
laboratories could enable representative and timely
whole-genome sequencing. The institutional, logistic,
and policy factors influencing national participation or
specimen referral warrant further investigation.
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The first limitation of this study is that the avail-
able public genomic dataset is affected by substantial
temporal and geographic bias, with more than 75%
of genomes originating from Saudi Arabia, the UAE,
and neighboring countries in the Arabian Peninsula.
Of consequence, the analyses should not be inter-
preted as a complete description of global MERS-CoV
evolutionary dynamics, but rather as an assessment
of the current public genomic evidence base and re-
sulting surveillance gaps.

Second, crucial metadata fields were missing for
a proportion of sequences, including collection dates,
host information, and subnational geographic detail.

Figure 7. Middle East respiratory syndrome coronavirus sequence
sampling density (sequences/1 million camels) by country and
year described during global genomic surveillance, 2012-2025.
A) Egypt; B) Ethiopia; C) Kenya; D) Nigeria; E) Oman; F) Qatar;
G) Saudi Arabia; H) United Arab Emirates. The median sampling
density per country is shown by the golden-brown bar to the
right. y-axes differ among countries. The Food and Agriculture
Organization of the United Nations statistics database does

not distinguish dromedary from Bactrian camels; data are
therefore presented as contextual indicators of camel-associated
surveillance coverage and should not be interpreted as species-
specific estimates of dromedary reservoir coverage.
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Figure 8. Live camel exports between countries described during global genomic surveillance, 2013-2024. The arrow tail represents
the source country and the arrowhead represents destination country. The color of the arrow represents the number of camel exports.
Trade flows are contextual indicators of animal movement connectivity and do not provide evidence of Middle East respiratory syndrome
coronavirus infection, infected-animal movement, viral introduction, or viral circulation. The Australia-directed flows represent 6 animals
in total, 5in 2015 and 1 in 2021, and should be interpreted accordingly. Map provided by the World Health Organization Health
Emergencies Programme using data from the Food and Agriculture Organization of the United Nations statistics database.

Those gaps reduced the number of genomes included
in some analyses, particularly TAT, and limited more
detailed interpretation of local evolutionary patterns.

Third, camel population and trade data were de-
rived from FAOSTAT and reflect officially collected
data only. FAOSTAT does not distinguish drom-
edary from Bactrian camels and might misrepresent
camel populations relevant to MERS-CoV surveil-
lance. Trade statistics might also miss informal or
undocumented animal movements and contain no
information on infection status. Of consequence,
camel population, sampling density, and trade com-
parisons should be interpreted as contextual indi-
cators rather than precise estimates of dromedary-
reservoir surveillance coverage or direct evidence
of viral movement. Australia provides an additional
example because its large feral dromedary popula-
tion might not be fully captured by conventional
livestock statistics (40).

Finally, because this study was designed to eval-
uate the utility of genomic data for surveillance, we
did not perform additional phylogeographic, recom-
bination, or phenotypic analyses. Recombination is a
major driver of coronavirus evolution with potential
implications for lineage-specific phenotypes and has
been explored extensively in previous studies (37,42-
45). Such analyses remain a necessary avenue for
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future work as more representative and timely ge-
nomic data become available.

This study reveals that publicly available
MERS-CoV genomic data provide a necessary but in-
complete foundation for global surveillance. The ma-
jor constraints include limited sequence generation,
uneven representativeness, incomplete metadata, and
prolonged delays in public data sharing. By evaluat-
ing sequence coverage, TAT, and surveillance context
alongside camel population and trade indicators, we
identify practical gaps that currently limit the public
health utility of MERS-CoV genomics. Strengthening
representative sampling, improving the timeliness of
sequence sharing, and embedding genomic surveil-
lance within a coordinated One Health framework
would enhance the value of those data for risk assess-
ment, preparedness, and response. Improving camel
population and trade datasets should also be priori-
tized. Achieving a One Health framework will require
sustained coordination across human, animal, and
environmental health sectors, including collaboration
among WHO, the Food and Agriculture Organization
of the United Nations, the World Organisation for Ani-
mal Health, and regional surveillance networks. Such
efforts are essential for developing more integrated,
timely, and actionable genomic surveillance systems
for MERS-CoV and future zoonotic threats.
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Emergence of Novel
Macrolide-Resistant Mycoplasma
pneumoniae Sequence Type 3
Subclades in Children after
COVID-19 Pandemic, Taiwan

Yu-Chia Hsieh, Chen-Ching Lin, Jia-Wen Wu, Yi-Hsuan Liu, Yi-Jiun Pan,
Tzu-Ya Lo, Shian-Sen Shie, Huey-Ling You, Chong-Wei Huang, Yi-Chuan Huang,
Tzu-Ching Huang, Yu-Xin She, Yin-Cheng Chen,! Shiao-Wen Li*

Post—-COVID-19 pandemic Mycoplasma pneumoniae re-
surgences have occurred globally and have been particu-
larly severe in Taiwan. We conducted a multicenter study
to assess M. pneumoniae trends in children. Compared
with the 2019 peak, 2024 data revealed a doubling of in-
cidence (546/100,000 population), a 2.2-fold increase in
intensive care unit admissions (10.9/100,000 population),
and a 13.7-fold surge in central nervous system complica-
tions (6.1/100,000 population). In a 2023-2024 prospec-
tive cohort (n = 226), intensive care unit admission risk

fter the height of the COVID-19 pandemic, Myco-

plasma pneumoniae respiratory infections did not
reemerge as quickly as influenza or respiratory syn-
cytial virus did, likely because of the pathogen’s long
incubation period, long periodicity, and slow growth
rate (1). M. pneumoniae activity increased markedly in
mid-2023, leading to unprecedented epidemics and
varying disease severity across multiple countries
worldwide. In parts of Europe and the United States,
where macrolide resistance remains <10%, an increase
in severe pediatric cases has been reported in Spain,
England, and Texas (USA), but not in the Netherlands,
Norway, or Denmark (2-5). France and Switzerland
documented high rates of intensive care unit (ICU)
admissions among adults (6,7). In contrast, a highly

factors were neutrophils >7,000/uL (adjusted odds ra-
tio [aOR] 6.2 [95% CI 1.3-29.9]), platelets >400 x 103/
pL (aOR 12.5 [95% CI 2.7-57.9]), pleural effusion (aOR
9.7 [95% CI 1.6-58.1]), and central nervous system in-
volvement (aOR 27.9 [95% CI 4.1-188.3]). Phylogenetic
analysis of 698 genomes demonstrated that 4 emerging
subclades replaced pre—COVID-19 lineages by mid-2024;
1 subclade was associated with severe outcomes, high-
lighting evolving resistant, neurotropic lineages and calling
for enhanced surveillance.

publicized outbreak in China was notable for an ex-
ceptionally high macrolide resistance rate (90%-100%)
and a substantial burden of severe disease, primarily
affecting children (8). Although prolonged fever is fre-
quently reported in macrolide-resistant M. pneumoniae
infections, an increased risk for complications or ICU
admission compared with macrolide-sensitive strains
has not been consistently demonstrated (9,10). Never-
theless, M. pneumoniae is increasingly associated with
severe clinical manifestations, irrespective of macro-
lide resistance, although the role of genetic evolution
in that trend remains unclear. Timely diagnosis and
initiation of appropriate therapy are crucial to reduc-
ing disease duration and preventing progression to se-
vere illness requiring intensive care (7).
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Taiwan has a high prevalence of macrolide-
resistant M. pneumoniae; resistance rates reached 70%
before the COVID-19 pandemic (10). In this multisite
study, we assessed the effects of the 2023-2024 resur-
gence among children by comparing the incidence of
hospitalization, ICU admission, and neurologic com-
plications across 8 seasons from 2017 through 2024.
We also analyzed molecular genetic changes in M.
pneumoniae and risk factors associated with severe
disease in the post-COVID-19 period to better un-
derstand pathogen dynamics and inform strategies to
combat the disease.

Materials and Methods

Incidence Estimation

This study focused on 2 primary objectives. First, we
used the Chang Gung Memorial Hospital (CGMH)-
based laboratory surveillance system, which spans
4 branches (Linkou, Taipei, Tucheng, and Kaohsi-
ung), representing one of the largest healthcare net-
works in Taiwan. The study was approved by the
Research Ethics Committee of CGMH (approval no.
202102039A3). We identified positive M. pneumoniae
cases in children (persons <18 years of age) evalu-
ated across outpatient clinics, emergency depart-
ments, general wards, and ICUs through respira-
tory specimens or cerebrospinal fluid (CSF) samples
submitted for clinical care. Diagnostic testing for
M. pneumoniae across the 4 CGMH branches was
clinician-driven on the basis of standardized clini-
cal indications. Testing was routinely ordered by at-
tending physicians for pediatric patients with com-
patible clinical signs and symptoms, such as acute
lower respiratory tract infection, persistent fever,
or suspected central nervous system (CNS) mani-
festations. Respiratory specimens collected during
January 2017-December 2024 were tested using
real-time PCR (10) or, starting in 2019, the BioFire
Film Array Respiratory Panel (bioMérieux, https://
www.biomerieux.com). For patients with suspected
CNS involvement, CSF samples were tested using
real-time PCR.

We used data from the National Health Insur-
ance system to estimate the population sizes served
by the 4 CGMH branches and then calculated the
annual and monthly incidence of M. pneumoniae in-
fection. We conducted medical chart reviews to re-
cord the diagnosis, hospitalization, ICU admission,
and M. pneumoniae-related CNS complications, de-
fined as neurologic syndromes occurring in asso-
ciation with M. pneumoniae infection, confirmed by
PCR detection of M. pneumoniae in respiratory or
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CSF samples, and in the absence of an alternative
etiology (11). Included manifestations were isolat-
ed encephalopathy, encephalitis, brainstem or bas-
al ganglia encephalitis, acute disseminated enceph-
alomyelitis, cerebellitis, Guillain-Barré syndrome,
and transverse myelitis. In children demonstrating
CNS complications, paired CSF and serum samples
were collected on the same day. Paired CSF and
serum IgG and albumin concentrations were mea-
sured using commercial ELISA kits according to
the manufacturer’s instructions. The CSF IgG index
was calculated using the followings formula:

CSF IgG, mg/dL -+ serum IgG, g/dL

CSFIgG index = CSF albumin, mg/dL -+ serum albumin, g/dL

Patients with Risk Factors for ICU Admission

For the second primary objective, we extended a
previously initiated prospective study that enrolled
children <18 years of age with laboratory-confirmed
M. pneumoniae infection at CGMH during 2023-2024
(10). We excluded children with chronic lung dis-
ease, genetic or metabolic disorders, neurologic
disease, immunodeficiency, or cancer. Diagnosis
required compatible clinical features and confirma-
tion by PCR or culture (10). For clinically suspected
cases, attending physicians obtained throat swab
specimens and forwarded them to the CGMH-Link-
ou central laboratory, after written informed consent
had been secured from patients or their legal guard-
ians. We performed DNA extraction and PCR target-
ing the 235 rRNA gene as described previously (10).
We performed multilocus sequence typing (MLST)
using the M. pneumoniae PubMLST scheme and as-
signed sequence type (ST) according to the allelic
profiles of 8 loci (Appendix 1, https://wwwnc.cdc.
gov/EID/article/32/11/26-0439-Appl.pdf). We re-
corded demographic, clinical, and laboratory vari-
ables prospectively in a standardized case-report
form. We defined severe M. pneumoniae infection as
admission to an ICU.

Isolation of M. pneumoniae and Determination of MICs
Oropharyngeal swab, pleural fluid, and CSF sam-
ples were collected from pediatric patients and
cultured as previously described (10). For patients
with respiratory infection, culture was performed
when respiratory specimens were PCR-positive
for M. pneumoniae. When CNS involvement oc-
curred, CSF culture was performed only when re-
spiratory or CSF specimens were PCR-positive for
M. pneumoniae. During the 2023-2024 epidemic in
Taiwan, a total of 113 M. pneumoniae isolates were
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successfully obtained from 234 specimens (222 re-
spiratory specimens, 8 CSF samples, and 4 pleu-
ral fluid samples), consisting of 103 isolates from
oropharyngeal swab specimens, 7 isolates from
cerebrospinal fluid, and 3 isolates from pleural
fluid. MIC testing was performed as previously
described (10).

Whole-Genome Sequencing and Bioinformatic Analysis
We performed whole-genome sequencing on the
113 clinical isolates described previously. We inte-
grated the resulting data with 100 M. pneumoniae
genomes sequenced in Taiwan during 2018-2020
and published in our previous study (12), as
well as 485 publicly available global genomes
spanning 1960-2024. We quality filtered and as-
sembled raw sequencing reads, then performed
separate genome alignments for P1 subtype 1
and P1 subtype 2 against M129 (GenBank accession
no. NC_000912.1) and FH (RefSeq assembly acces-
sion no. GCF_001272835.1). We generated core-
genome single-nucleotide polymorphism align-
ments using Snippy (https://github.com/tsee-
mann/snippy), then performed phylogenetic re-
construction using Gubbins version 2.4.1 (https://
nickjcroucher.github.io/gubbins) (Appendix 1).
We identified clade-specific single-nucleotide
polymorphisms using a 2-sided 2-proportion test
implemented with the prop.test function in R ver-
sion 4.2.0 (The R Project for Statistical Comput-
ing, https://www.r-project.org), applying mul-
tiple-testing correction (Appendix 1; Appendix 2,
https:/ /wwwnc.cdc.gov/EID/article/32/11/26-
0439-App2.xlsx).

Statistical Analysis

We defined incidence rate per 100,000 population as
the number of cases divided by estimated population
for the year in Taiwan. We defined incidence rate ra-
tio (IRR) as the ratio of incidence rate in year A to in-
cidence rate in year B. We calculated median values
and interquartile ranges (IQRs) for continuous vari-
ables and used percentages for categorical variables.
We compared continuous variables using Mann-
Whitney U test; we compared categorical variables
using x* test or Fisher exact test. We used logistic re-
gression analysis to identify factors associated with
ICU admission. We included variables with p<0.1 in
the univariate analysis in the multivariate analysis.
We considered a p<0.05 using a 2-tailed test statisti-
cally significant. We performed all statistical analy-
ses using SPSS Statistics version 22.0 (IBM, https://
www.ibm.com).
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Results

Epidemiologic Trends and Clinical Burden of Pediatric
M. pneumoniae Infection

M. pneumoniae cases occurred year-round; monthly
positivity rates ranged from 10% to 20% on the ba-
sis of 100-200 tests. Large-scale outbreaks were ob-
served in both 2019 and 2024; positivity rates peaked
at 40%-50% during June-July. M. pneumoniae some-
times showed secondary peaks during January-
March (Figure 1, panel A). We analyzed monthly
and annual incidences of M. pneumoniae infection
per 100,000 population by age group: 0-4 years, 5-9
years, 10-17 years, and the combined <18 years co-
hort. Trends in monthly incidence closely paralleled
M. pneumoniae detection rates; the highest incidence
was consistently seen in children 5-9 years of age,
followed by those 0-4 years of age and 10-17 years
of age, particularly during late spring and summer
(Figure 1, panel B). In 2019, incidence increased
markedly across all age groups; a roughly 3-fold in-
crease was observed over 2017 and 2018 (Table 1).
Although incidence declined during the COVID-19
pandemic, a substantial resurgence was noted after
the pandemic. In 2024, incidence rose ~1.5- to 2-fold
in the 0-4 year (470/100,000 populations) and 5-9
year (986/100,000 populations) age groups and tri-
pled in the 10-17 year age group (313/100,000 popu-
lations) compared with 2019 levels (Table 1).

M. pneumoniae-associated hospitalization inci-
dence and seasonality closely mirrored overall M.
pneumoniae incidence across all age groups (Table
1, Figure 1, panel C). We further assessed the ef-
fects of post-COVID-19 M. pneumoniae outbreaks
by analyzing ICU admissions (Table 1; Figure 1,
panel D) and neurologic complications; an increase
was observed specifically in cases of CNS involve-
ment (Table 1; Figure 1, panel E). The incidence of
ICU admissions among children <18 years of age
increased from 0.8/100,000 population in 2017 to
4.9/100,000 population in 2019 (incidence rate ra-
tio [IRR] 5.8 [95% CI 1.3-26.2]; p = 0.02). Compared
with 2019, ICU admission incidence further rose to
10.9/100,000 population in 2024 (IRR 2.2 [95% CI
1.1-4.5]; p = 0.03). Meanwhile, CNS complications
showed a striking rise, from 0.4/100,000 popula-
tion in 2019 to 6.1/100,000 population in 2024 (IRR
13.7 [95% CI 1.8-104.9]; p = 0.01). The incidence of
ICU admissions and CNS complications peaked
during June-July, consistent with the overall trend
of M. pneumoniae cases. Of note, the increase in
CNS complications was not observed during the
2019 outbreak.
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Figure 1. Mycoplasma pneumoniae—related incidence among persons <18 years of age in study of emergence of novel macrolide-
resistant M. pneumoniae sequence type 3 subclades in children after COVID-19 pandemic, Taiwan, 2017-2024 (n = 2,340). A) Monthly
numbers of M. pneumoniae tests and laboratory-confirmed cases at Chang Gung Memorial Hospital, Taoyuan, Taiwan. B-E) Monthly
rates per 100,000 population by age group: B) M. pneumoniae positivity; C) M. pneumoniae—related hospitalizations; D) M. pneumoniae—
related ICU admissions; E) M. pneumoniae—related CNS complications. CNS, central nervous system; ICU, intensive care unit.

The median age for patients with CNS involve-
ment during the post-COVID-19 period was 8 (IQR
6.8-11.5) years; all patients were >5 years of age
(Figure 2; Appendix 1 Table). Absence of respiratory
prodrome or respiratory prodrome lasting <7 days
was observed in 30.8% (4/13) of patients, whereas
69.2% (9/13) had prodrome lasting >7 days. The
most common neurologic syndrome was encepha-
litis (n = 7), followed by isolated encephalopathy (n
= 2), acute disseminated encephalomyelitis (n = 1),
transverse myelitis (n = 1), cerebellitis (n = 1), and
Guillain-Barré syndrome (n = 1). CSF testing us-
ing the BioFire Film Array Meningitis/Encephalitis
Panel (bioMérieux) was negative in all 13 patients.
CSF culture was performed in 10 patients, yield-
ing M. pneumoniae growth in 2 patients with a pro-
drome of <7 days and in 5 patients with a prodrome
of >7 days; all isolates were identified as macrolide-
resistant M. pneumoniae ST3. CSF M. pneumoniae in-
house PCR was positive in 1 patient (7.7% [1/13]),
in whom 23S rRNA sequencing and MLST identi-
fied macrolide-resistant M. pneumoniae ST3, al-
though culture was unsuccessful. All 13 patients
were treated with doxycycline and corticosteroids;
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some also received intravenous immunoglobulin,
and all had favorable outcomes.

Risk Factors for Severe Disease and Alternatives to
Macrolide-Resistant M. pneumoniae Treatment

A total of 226 patients were prospectively enrolled
during the post-COVID-19 period to investigate risk
factors associated with ICU admission (Table 2). Of
those, 17 patients required ICU care. Compared with
non-ICU patients, those admitted to the ICU had
higher neutrophil counts and platelet counts and lon-
ger hospital stays. CNS complications and pleural ef-
fusion were also more frequent among ICU patients.
In multivariable analysis, neutrophil count >7,000
cells/uL (odds ratio [OR] 6.2 [95% CI 1.3-29.9]; p =
0.02), platelet count >400 X 10°/uL (OR 12.5 [95% CI
2.7-57.9]; p = 0.001), pleural effusion (OR 9.7 [95%
CI1.6-58.1]; p = 0.01), and CNS complication (OR
27.9 [95% CI4.1-188.3]; p = 0.001) remained indepen-
dently associated with ICU admission (Table 2). We
tested upper respiratory tract samples from all pa-
tients using the BioFire Respiratory Panel (bioMéri-
eux) to detect respiratory pathogens. Codetection oc-
curred in 62 (27.4%) patients but was not associated
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with increased complications. MLST and macrolide-
resistance mutation analysis revealed that ST3 was
the predominant circulating genotype, accounting
for 207/226 (91.6%) cases. Macrolide resistance was
observed in 219 (96.9%) patients, all of whom carried
the A2063G mutation in the 23S rRNA gene. Neither
genotype nor resistance profile was associated with
clinical outcomes.

Among 219 macrolide-resistant M. pneumoniae
strains, ST3 predominated (207 [94.5%]), followed
by ST14 (10 [4.6%]), ST11 (1 [0.45%]), and ST44 (1
[0.45%]). Among 7 macrolide-susceptible M. pneu-
moniae strains, we identified ST14 (4 [57.1%]), ST2,
ST3, and ST17 (each 1 [14.3%]). We determined MIC
ranges, MIC, (MIC at which 50% of antimicrobial is
inhibited), and MIC,; (MIC at which 90% of antimi-
crobial is inhibited) values for 10 antimicrobial agents
in 109 culturable macrolide-resistant isolates (Ta-
ble 3). Doxycycline demonstrated the lowest MIC,,
(<0.03 mg/L) and MIC,; (0.03 mg/L), and no isolates
showed resistance to levofloxacin or moxifloxacin

Novel Macrolide-Resistant M. pneumoniae Subclades

according to Clinical and Laboratory Standards Insti-
tute guidelines (13).

Shifts in M. pneumoniae Genomic Structure

during Postpandemic Period

To identify the specific genomic variations associ-
ated with the postpandemic resurgence of ST3, we
analyzed a total of 698 M. pneumoniae genomes. That
dataset consisted of 100 prepandemic isolates from
Taiwan (2018-2020), 113 isolates collected during
the 2023-2024 outbreak, and 485 publicly available
global genomes spanning 1944-2024 across 4 con-
tinents (Figure 3, panel A). Phylogenetic analysis
identified 5 major clades; no novel high-level clades
emerged during the post-COVID-19 resurgence.
However, we observed a striking regional shift in
lineage dominance. Across East Asia, ST3 (T1-2) and
ST14 (T2-2) were the predominant clades during
the postpandemic period. ST3 accounted for 89.4%
(101/113) of postpandemic isolates in Taiwan and
81.4% (232/285) in China.

Table 1. Mycoplasma pneumoniae—related hospitalizations, ICU admissions, and CNS complications among children <18 years of age
in study of emergence of novel macrolide-resistant M. pneumoniae sequence type 3 subclades in children after COVID-19 pandemic,

Taiwan, 2017-2024 (n = 2,340)*

Age Incidence per 100,000 (no. cases) 2017 vs. 2019 2019 vs. 2024
group, y 2017 2018 2019 2020 2021 2022 2023 2024 IRR (95% CI) p value IRR (95% CI) p value
M. pneumoniae incidence
<18 87 90 284 55 0 0 12.8 546 3.25(2.78—- <0.0001 1.92 (1.74— <0.0001
(206) (204) (835) (112) (28) (1,155) 3.81) 2.11)
0-4 117 117 348 90 0 0 14.0 470 2.99 (2.29- <0.0001 1.4 (1.11- 0.002
(72) (71) (205) (47) @) (219) 3.91) 1.63)
5-9 173 157 535 73 0 0 21.3 986 3.09 (2.48—- <0.0001 1.84 (1.61- <0.0001
(105) (95) (329) (449 (14) (616) 3.85) 2.11)
10-17 26 (29) 36 (38) 98 23 0 0 6.8 313 3.83 (2.54—- <0.0001 3.2 (2.55- <0.0001
(101) (21) (@) (320) 5.80) 3.98)
M. pneumoniae—related hospitalization
<18 82 86 268 53 0 0 12.3 348 3.26 (2.77- <0.0001 1.30 (1.16— <0.0001
(194) (197) (599) (108) (27)  (735) 3.83) 1.44)
0-4 107 115 323 86 0 0 14.0 341 3.02 (2.28— <0.0001 1.07 (0.86— 0.6
(66) (70) (190)  (45) @) (159) 4.00) 1.30)
5-9 167 154 513 71 0 0 19.8 608 3.07 (2.46— <0.0001 1.19 (1.02— 0.03
(101) (93) (315) (43) (13) (380) 3.85) 1.38)
10-17 24 (27) 32(34) 91(94) 22 0 0 6.8 191 3.83 (2.50- <0.0001 2.10 (1.64— <0.0001
(20) (7 (196) 5.88) 2.68)
M. pneumoniae—related ICU admission
<18 08(2) 1.3(3) 4.9 24 0 0 0 10.9 5.8 (1.29- 0.02 2.2 (1.08- 0.03
(11) (5) (23) 26.2) 4.53)
0-4 1.6 (1) 0 85(5) 7.6 0 0 0 6.4 (3) 5.25 (0.61- 0.13 0.76 (0.18- 0.7
4) 44.93) 3.17)
5-9 0 33() 8.1(5) 0 0 0 0 19.2 ND ND 2.36 (0.83- 0.11
(12) 6.7)
10-17 09(1) 09(1) 10(1) 11 0 0 0 7.8 (8) 1.1 (0.07- 0.95 8.04 (1.01- 0.05
(1) 17.6) 64.3)
M. pneumoniae—related CNS complications
<18 0.8 (2) 0 0.4 (1) 0 0 0 0 6.1 0.53 (0.05- 0.6 13.7 (1.80- 0.01
(13) 5.82) 104.90)
0-4 1.6 (1) 0 0 0 0 0 0 0 ND ND ND ND
5-9 0 0 0 0 0 0 0 11.2 ND ND ND ND
@)
10-17 0.9(1) 0 0 0 0 0 0 5.9 (6) 1.1 (0.07- 0.95 6.03 (0.73- 0.1
17.6) 50.10)
*ICU, intensive care unit; IRR, incidence rate ratio; CNS, central nervous system; ND, not done.
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Figure 2. Magnetic resonance imaging (MRI) in selected patients with M. pneumoniae—related central nervous system complication

in study of emergence of novel macrolide-resistant M. pneumoniae sequence type 3 subclades in children after COVID-19 pandemic,
Taiwan, 2017-2024. A) Sagittal T2-weighted cervical spine MRI in patient 3, demonstrating a hyperintense lesion extending from C3 to
C6 (arrow). B) Axial T2-FLAIR brain MRI of patient 5, showing a focal hyperintense lesion in the bilateral basal ganglia (arrows). C—F)
Axial T2-FLAIR brain MRI scans of patient 10, revealing multiple hyperintense lesions involving the subcortical white matter of the
bilateral parietal, temporal, and occipital lobes, as well as the midbrain, pons, and middle cerebellar peduncles, findings consistent with
acute disseminated encephalomyelitis (arrows). G—H) Sagittal T2-weighted spine MRI of patient 10, indicating hyperintense lesions at

the brainstem and at the T3 and T11 spinal levels (arrows).

Given that ST3 represented ~80% of circulating
strains in East Asia, we examined the phylogenetic
structure within this lineage (Figure 3, panel B). Root-
to-tip regression demonstrated a robust temporal sig-
nal (Pearson correlation coefficient = 0.573) (Figure
4, panel A), supporting clock-like accumulation of
mutations and reliable reconstruction of evolution-
ary trajectories. ST3 isolates from Taiwan segregated
into 5 distinct monophyletic groups that were phylo-
genetically separate from dominant ST3 strains from
China, indicating independent regional diversifica-
tion rather than simple importation.

A preexisting Taiwan lineage (subclade_pre),
which accounted for 50% of prepandemic ST3 iso-
lates (30/60), persisted into 2023 and early 2024 and
accounted for 61% of ST3 cases (25/41) in the first half
of the year. However, that lineage rapidly declined
and was completely replaced in the second half of
2024 (Figure 4, panel B), demonstrating clear within-
lineage turnover. In contrast, 4 newly emerged ST3
lineages (subclade_post_a-d) (Figure 3) progressively
appeared and had largely replaced subclade_pre by
mid-2024. Those postpandemic subclades accumu-
lated 7, 14, 15, and 9 lineage-specific mutations (Ap-
pendix 2 Table 1). That clade replacement temporally
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coincided with the peak in M. pneumoniae-related
hospitalizations, ICU admissions, and CNS complica-
tions, and accounted for most severe cases. Subclade_
post_b underwent rapid expansion and became dom-
inant in late 2024 (43.1% of isolates). The lineage was
characterized by lineage-specific mutations in MPN_
RS01335 and MPN_RS01875 (Appendix 2 Table 1). Of
note, subclade_post_a exhibited significantly higher
percentages of ICU admissions and CNS complica-
tions (both 37.5%) than other clades (p = 0.015 for ICU
admissions and p = 0.00061 for CNS complications by
the x* test). That lineage was characterized by lineage-
specific mutations in MPN_RS01790, MPN_RS04325,
and MPN_RS02200 (Appendix 2 Table 1).

Discussion

The 2024 resurgence of M. pneumoniae in Taiwan was
characterized by the predominance of macrolide-re-
sistant ST3 strains, continuous genomic diversifica-
tion, and a notable increase in ICU admissions and
neurologic complications correlated with CNS inva-
sion. In Denmark, where M. pneumoniae is a notifiable
disease, surveillance data revealed post-COVID-19
incidence rates comparable to those observed in our
study; 500-600 PCR-confirmed cases and 200-300
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hospitalizations occurred per 100,000 children <18
years of age in 2024 (14). A rise in M. pneumoniae-
associated rash and mucositis was noted, without a
corresponding increase in ICU admissions (14). In
China, the 2023 surge of M. pneumoniae infections
involved severe disease, including dyspnea requir-
ing bronchoalveolar lavage, necrotizing pneumonia
with pulmonary thrombosis, and parapneumonic ef-
fusion in 25% of cases (15,16). Those infections were
associated with the continued circulation of macro-
lide-resistant ST3 and ST14 strains, which clustered

Novel Macrolide-Resistant M. pneumoniae Subclades

with isolates detected during 2019-2022 on phylo-
genetic analysis. ST3 demonstrated genomic enrich-
ment in virulence, signaling, and metabolism-related
genes compared with ST14, potentially explaining
its greater clinical effects and predominance (8,17).
Consistent with previous reports from China, Japan,
and South Korea (8,18,19), our comparative genomic
analysis demonstrated that ST3 (T1-2) remained the
predominant lineage during the postpandemic resur-
gence in Taiwan and China, indicating its continued
widespread circulation across East Asia. In adults,

Table 2. Demographic, clinical, laboratory and radiologic characteristics and risk factors for ICU admission in study of emergence of
novel macrolide-resistant Mycoplasma pneumoniae sequence type 3 subclades in children after COVID-19 pandemic, Taiwan, 2023—

2024 (n = 226)*

ICU admission, Non-ICU

Univariate analysis Multivariate analysis

Characteristic n=17 admission,n =209 pvalue OR(95% Cl)  pvalue OR (95% CI) p value
Median age, y (IQR) 8.5 (7.8-12.0) 8.9 (7.2-10.6) 0.5 1.06 (0.9-1.23) 0.44 - -
Male sex 9 (52.9) 106 (50.7) 1.0 0.92 (0.34— 0.86 - -
2.46)
Days from symptom onsetto 5.0 (1.5-7.0) 6.0 (4.0-7.0) 0.3 0.89 (0.7-0.11) 0.32 - -
hospital admission, median
(IQR)
Receiving effective 16 (94.1) 195 (93.3) 1.0 1.15 (0.14-9.3) 0.9 - -
treatment
Days from symptom onsetto 7.0 (5.0-7.0) 7.0 (5.0-8.3) 0.3 0.86 (0.7-1.08) 0.2 - -
effective treatment, median
(IQR)
Total days with fever, 9 (4-12) 8.0 (6.0-9.0) 0.5 1.06 (0.9-1.3) 0.5 - -
median (IQR)
Median hospital duration, d 13.0 (11.5- 5.0 (1.0-8.0) <0.001 1.71(1.4-2.1) <0.001 - -
(IQR) 15.5)
Laboratory characteristic
Leukocytes, x 10° 11.7 (9.75—- 7.2 (6.0-8.8) <0.001 1.0(1.0-1.0) <0.001 ND ND
cells/uL; median (IQR) 13.35)
Neutrophil count >7,000 13 (76.5) 31(14.8) <0.001 18.7 (5.7-61) <0.001 6.2 (1.3-29.9) 0.02
cells/uL
Hemoglobin, g/dL; 11.7 (9.7-13.4)  12.3 (11.7-13.1) 0.15 0.77 (0.5-1.06) 0.11 - -
median (IQR)
Platelets, x 10%/uL; 451 (265-648) 264 (212-320) <0.001 1.0(1.0-1.0) <0.001 ND ND
median (IQR)
Platelet count >400 x 11 (64.7) 19 (9.1) <0.001 18.3(6.1-55.1) <0.001 12.5(2.68-  0.001
10%uL 57.9)
CRP, mg/L; median (IQR) 45.7 (11-154.4)  26.6 (14.3-62.8) 0.23 1.01 (1.001- 0.01 1.002 (0.99- 0.6
1.01) 1.01)
AST, U/L; median (IQR) 26.0 (18.5— 28.0 (23.0-47.3) 0.49 1.001 (1.0- 0.6
140.0) 1.003)
ALT, U/L; median (IQR) 24.0 (12.0- 13.0 (9.0-22.0) 0.02 1.001 (1.0— 0.3
153.3) 1.003)
Codetection 3(17.6) 59 (28.2) 0.4 0.54 (0.15- 0.4
1.97)
Macrolide resistance 17 (100) 202 (96.7) 1.0 ND ND
ST 0.5 ND ND
ST3 15 (88.2) 192 (91.9)
ST14 2(11.8) 12 (5.7)
Others 0 5(2.4)
Chest radiography findings
Increased infiltration 8 (47.1) 71 (34) 0.3 1.7 (0.6-4.7) 0.28
Patchy consolidation 9 (52.9) 138 (66) 0.3 0.58 (0.2-1.57) 0.28
Pleural effusion 5 (29.4) 14 (6.7) 0.008 5.8(1.8-18.8)  0.003 9.96 (1.6— 0.01
58.1)
CNS complication 21.4 (5.07- <0.001 27.9 (4.1~ 0.001
89.9) 188.3)

*Values are no. (%) except as indicated. AST, aspartate aminotransferase; ALT, alanine aminotransferase; CNS, central nervous system; CRP, Cc-
reactive protein; ICU, intensive care unit; ND, not done; OR, odds ratio; ST, sequence type.
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Table 3. Macrolide-resistant Mycoplasma pneumoniae strains and
antimicrobial susceptibility to 10 agents in study of emergence of
novel macrolide-resistant M. pneumoniae sequence type 3
subclades in children after COVID-19 pandemic*
Macrolide-resistant M. pneumoniae with
A2063G mutation, n = 109

Antimicrobial agent MICso MICgo MIC range
Macrolide
Erythromycin 64 128 16-256
Azithromycin 16 32 1-128
Clarithromycin 32 128 2-128
Quinolones
Levofloxacin 0.25 0.5 0.03-0.5
Moxifloxacin 0.03 0.06 <0.03-0.06
Ciprofloxacin 0.5 1 0.06-1
Tosufloxacin 0.06 0.125 0.03-0.25
Tetracyclines
Doxycycline <0.03 0.03 <0.03-0.125
Minocycline 0.03 0.06 <0.03-0.125
Omadacycline 0.06 0.125 0.03-0.125

*MICso, MIC at which 50% of isolates are inhibited; MICgo, MIC at which
90% of isolates are inhibited.

the frequent atypical radiological manifestation of al-
veolar consolidation, which contributed to delays in
effective treatment, was associated with a 31.7% ICU

admission rate during the 2023-2024 M. pneumoniae
epidemic in France (7). Regional differences in the
clinical spectrum and severity of M. pneumoniae infec-
tion might result from challenges in initiating appro-
priate treatment, especially in areas with high mac-
rolide resistance, compounded by viral co-infections,
and diminished innate immune priming because of
prolonged pandemic restrictions (2,8,20). However,
the increase in M. pneumoniae-related CNS compli-
cations, typically occurring in parallel with commu-
nity outbreaks, has been seldom addressed after the
COVID-19 pandemic and was not observed during
the 2019 M. pneumoniae wave in Taiwan (10).

The pathogenic mechanisms of M. pneumoniae
involve direct damage to the respiratory epithelium
through toxic molecules including hydrogen perox-
ide, hydrogen sulfide, the community-acquired respi-
ratory distress syndrome toxin (21), and tissue injury
resulting from excessive immune response (22). In ad-
dition torespiratory tractinfections, M. pneumoniae can
cause extrapulmonary manifestations; encephalitis is

Figure 3. Phylogenomic evolution of Mycoplasma pneumoniae in study of emergence of novel macrolide-resistant M. pneumoniae ST3
subclades in children after COVID-19 pandemic, Taiwan, 2017-2024. A) Global phylogenetic tree showing evolutionary relationships
among all sequenced strains. Nodes are colored by clade according to our previous study (12). Annotation bands indicate sequence
type, data source, country, and sampling time. For 2024, isolates were grouped into quarterly intervals (January—March, April-June,
July—September, and October—December) to provide greater temporal resolution during the outbreak. B) Phylogeny of ST3 strain.
Nodes are colored by country, with annotation bands indicating monophyletic subclades (Mono), sampling time, ICU admission, and
CNS complications. CNS, central nervous system; ICU, intensive care unit; ST, sequence type.
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Figure 4. Temporal prevalence of Mycoplasma pneumoniae in study of emergence of novel macrolide-resistant M. pneumoniae
sequence type 3 subclades in children after COVID-19 pandemic, Taiwan, 2017—2024. A) Temporal signal in ST3 genomes evaluated
by linear regression of root-to-tip genetic distances against sampling year for global isolates collected during 1960—-2024, indicating
molecular clock consistency. B) Temporal prevalence of ST3 subclades among persons <18 years of age, Taiwan, 2018-2024. Isolates

collected in 2024 are shown at quarterly intervals. ST, sequence type.

one of the most severe (22). M. pneumoniae infection
has been identified in 5%-10% of pediatric encephali-
tis cases; up to 60% of affected patients develop long-
term neurologic sequelae (22). M. pneumoniae-related
encephalitis involves 2 main pathogenic mechanisms:
direct CNS invasion and postinfectious immune-me-
diated injury (23). M. pneumoniae DNA is typically de-
tectable in 50%-80% of CSF samples within 1 week of
respiratory symptoms or in cases without prodrome
(11,24). When prodrome lasts >7 days, M. pneumoniae
DNA is detected in only 7%-14% of CSF samples,
supporting the notion that disease at that stage is
predominantly immune-mediated (11,24). Among 13
patients with CNS complications, respiratory multi-
plex PCR identified M. pneumoniae as the sole patho-
gen in 11 (84.6%) patients. Although CSF PCR for M.
pneumoniae was positive only in 1 case, CSF cultures
were performed in 10 patients and yielded growth in
7 (70%) patients, irrespective of prodrome duration.
The discrepancy between PCR-negative and culture-
positive results likely reflects low bacterial load (<400
copies/mL) (24). Of note, those findings reduce the
likelihood of alternative infectious etiologies and sug-
gest a neuroinvasive potential of macrolide-resistant
M. pneumoniae ST3 strains; some cases show evidence
of postinfectious immune response, as indicated by
an elevated CSF IgG index. During the 2019 M. pneu-
moniae epidemic wave in Taiwan, attention focused
on the use of doxycycline to manage M. pneumoniae
infections, given the high prevalence of macrolide re-
sistance (10). In the 2023-2024 wave, doxycycline was
adopted as the first-line agent for most patients. The
favorable outcomes observed in our patients might
be attributed to the synergistic effect of doxycycline’s
reliable CNS penetration and the early, aggressive
use of immunomodulatory therapy. The American
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Academy of Pediatrics considers doxycycline safe
for children <8 years of age when prescribed for <21
days (25) and also recognizes the role of fluoroqui-
nolones, which are available in intravenous formula-
tions and achieve favorable CNS penetration, in the
management of multidrug-resistant infections (26).
In our study, macrolide-resistant isolates remained
uniformly susceptible to tetracyclines and fluoroqui-
nolones, confirming their value as essential therapeu-
tic options for macrolide-resistant M. pneumoniae. In
regions characterized by high rates of macrolide re-
sistance, doxycycline, levofloxacin, and moxifloxacin
might serve as preferred first-line therapeutic options.

M. pneumoniae has a reduced genome of ~800 kb
that has remained relatively stable across time and
geography. Sequence variations are predominantly
located in the antigenic regions of P1 and P40/P90,
which together form the Nap transmembrane com-
plex, responsible for host antibody recognition and
binding to sialic acid oligosaccharides of target host
cells (27). Our previous study demonstrated that ST3
exhibits high homologous recombination capacity
and extensive genomic diversity, which might ex-
plain its global epidemiologic success despite selec-
tive pressure from widespread macrolide use (12). In
the post-COVID-19 era in Taiwan, that lineage ap-
pears to have undergone further sustained expansion
through specific adaptive changes. The lack of asso-
ciation between the broad ST3 genotype and clinical
outcomes suggested that finer-scale genomic varia-
tions within the dominant lineage might be respon-
sible for the observed surge in severe cases. Our ge-
nomic analysis identified lineage-specific mutations
in several genes that might warrant further investiga-
tion. Subclade_post_b, which became predominant in
late 2024, was characterized by mutations in MPN_
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RS01335, encoding thioredoxin-disulfide reductase,
and MPN_RS01875, encoding an ABC transporter
permease. Of note, subclade_post_a was significantly
associated with increased disease severity, account-
ing for disproportionately higher rates of ICU admis-
sions and CNS complications. That lineage was char-
acterized by mutations in MPN_RS02200, encoding a
dihydrolipoamide acetyltransferase family protein;
MPN_RS04325, encoding a DUF16 domain-contain-
ing protein; and MPN_RS01790, encoding an APC
family permease.

The first limitation of this study is that the rise in
severe cases could partly reflect the expanded scale of
the total surge, and the clinical effects of the identified
mutations require further functional validation. The
hospital-based cohort might overrepresent severe cases
and underestimate community prevalence. PCR cannot
fully distinguish active infection from asymptomatic
carriage; however, all patients were symptomatic and
tested after physician assessment, reducing that con-
cern. Strengths of the study include its multicenter de-
sign, comprehensive assessment of incidence and risk
factors for severe disease, detailed antimicrobial suscep-
tibility testing, and genome analysis associated with se-
vere and neuroinvasive manifestations.

In summary, our findings indicate that M. pneu-
moniae clinical effects extend beyond self-limiting
pneumonia and highlight the ongoing genomic diver-
sification of ST3 during the postpandemic resurgence.
Continued genomic surveillance is essential to monitor
emerging variants and guide public health strategies
and therapeutic interventions.

All data generated or analyzed in this study are available
in the main article and the Appendices. Complete or draft

genome assemblies were deposited in GenBank;
accession numbers are listed in Appendix 2 Table 2.

The code relevant to this manuscript is publicly available
on GitHub (https:/ /github.com/YinchengChen23/
MP_resurgence_scripts).
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Microbial Etiology of Postoperative
Spinal Fusion Infections and
Factors Associated with
Gram-Negative Infections,
United States, 2021-2022

Molly Lindstrom, Benjamin W. Langworthy, Jonathan N. Sembrano, Don Bambino Geno Tai

Accurate knowledge of microbial etiology is essential
for optimizing spinal fusion surgical site infection (SSI)
management, yet contemporary national data in the
United States, particularly prevalence and factors as-
sociated with gram-negative infections, remain poorly
understood. We conducted a cross-sectional analysis
of US data reported to the Centers for Disease Control
and Prevention National Healthcare Safety Network
(2021-2022) to characterize the microbiology of spinal
fusion SSI and identify factors associated with gram-
negative infection. Among 7,187 cases, gram-negative
organisms caused 31.5% (n = 2,265) of SSlIs. Older
age, female sex, higher body mass index, longer opera-
tive times, higher American Society of Anesthesiologists
class, lumbar involvement, inpatient surgery, and emer-
gent and trauma surgeries were independently associ-
ated with gram-negative infections relative to monomi-
crobial Staphylococcus aureus infections. Our findings
might inform future studies focusing on high-risk cohorts
as targets for expanded gram-negative prophylactic reg-
imens. Clinicians can use risk profiles to guide empiric
gram-negative antibiotic coverage in treating SSIs.

Surgical site infection (SSI) after spinal surgery oc-
curs in #2% of procedures and is associated with
substantial illness and healthcare utilization (1,2). Ev-
idence suggests that the percentage of gram-negative
pathogens in spinal fusion SSIs is higher than for oth-
er musculoskeletal infections (3). However, whether
that trend persists across a large-scale national co-
hort remains unverified. Furthermore, the specific
independent factors for gram-negative involvement
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among patients with spinal fusion SSIs remain poorly
understood. Although institution-specific studies of-
fer valuable insights, their findings are inherently
susceptible to local surgical practices, institutional
protocols, and regional healthcare epidemiology,
thereby limiting their generalizability.

Our objective in this study was to characterize the
contemporary national distribution of microbial etiol-
ogy in spinal fusion SSI. We also aimed to identify
the patient characteristics or procedural characteris-
tics that are associated with gram-negative infection
in spinal fusion SSI.

Methods

We performed a cross-sectional study of SSI episodes
associated with spinal fusions in the United States
reported to the Centers for Disease Control and Pre-
vention National Healthcare Safety Network (NHSN)
during January 2021-December 2022. We acquired
deidentified data through a Freedom of Information
Act request. Spinal fusion infection cases were report-
ed to the NHSN voluntarily by participating hospi-
tals and surgical centers using the criteria for surgical
site infection (4). We selected the 2021-2022 cohort
because it was the most recently completed dataset
available at the time of our data request, enabling us
to evaluate the most contemporary trends.

We abstracted available patient demographic and
clinical characteristics from the database. Those data
consisted of age, sex, body mass index (BMI), diabetes
status, American Society of Anesthesiologists (ASA)
physical status classification, presence of trauma
before surgery, emergency status, and timing of in-
fection relative to the index spinal fusion. Extracted
surgical and procedural characteristics consisted of
operative approach (anterior, posterior, or combined),
wound class at the time of the index procedure, spinal
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Spinal fusion infection cases
reported to NHSN in 2021-2022
(n=7,481)

Figure. Flow diagram of
postoperative surgical fusion
infection cases in study

of microbial etiology of
postoperative spinal fusion

infections and factors associated
with gram-negative infections.
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level, method of wound closure (primary vs. other),
procedural setting (inpatient vs. outpatient), and use
of a scope or percutaneous endoscopic approach. We
excluded cases in which an infection was explicitly
documented as present at the time of surgery, be-
cause those cases represent a distinct clinical entity
from postoperative spinal fusion SSls.

We defined the unit of analysis (denominator) at
the case level rather than at the isolate level. For pa-
tients with multiple positive cultures during a single
SSI episode, we compressed duplicate bacterial species
isolated from the same case and counted them only
once. To analyze the independent predictors of differ-
ent microbiological profiles, we categorized cases into
3 mutually exclusive, hierarchically defined analytic
groups on the basis of the identified organisms. We
categorized any case in which S. aureus was isolated
as the sole microbial etiology as monomicrobial S. au-
reus infection (the reference group). The category of
gram-negative infection consisted of all cases in which
>1 gram-negative bacterial organism was isolated, re-
gardless of whether it occurred as a monomicrobial in-
fection or as part of a mixed/polymicrobial infection
(i.e., coisolated with gram-positive organisms). Last,
we categorized any case in which >1 gram-positive
bacterial species were isolated without the presence
of any gram-negative bacteria, S. aureus, or Enterococ-
cus species as other gram-positive infection. The third
cohort served as an exploratory group to approximate
the profile of normal cutaneous flora. We excluded
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cases that did not meet the criteria for those 3 analytic
categories or culture-negative cases from the multino-
mial regression model (Figure).

Statistical Analysis

We used frequency counts and percentages for cat-
egorical variables and used median (interquartile
range [IQR]) or mean (SD) for continuous variables
as appropriate. We performed a multinomial logis-
tic regression analysis to determine the patient and
procedural characteristics associated with the mi-
crobiological etiology of the infection. Our primary
analysis evaluated the odds of a gram-negative infec-
tion compared with a reference group of monomicro-
bial S. aureus infection. To assess whether coinfection
with other organisms influenced the observed effects,
we performed a secondary analysis evaluating 2 ad-
ditional cohorts within our model. The secondary
analysis evaluated whether monomicrobial gram-
negative and other gram-positive infections showed
consistent results when compared with the same ref-
erence group. We followed that process to ensure the
primary results were not driven by coinfections. The
model simultaneously accounted for all patient and
procedural covariates detailed above. We conducted
analysis by using R version 4.3.2 (The R Project for
Statistical Computing, httpw://www.r-project.org)
and performed multinomial logistic regression using
the multinom function in the nnet package. For mul-
tinomial logistic regression, the odds ratio (OR) can
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be interpreted as the multiplicative effect on the odds
of infection relative to the reference group for a one-
unit increase in continuous variable, or relative to the
reference category for a categorical variable.

Results

A total of 7,481 cases of spinal fusion SSI were report-
ed to the NHSN during January 1, 2021-December 31,
2022. After excluding 294 (3.9%) cases because of the
presence of infection during the initial fusion surgery,
7,187 cases remained for primary analysis. The mean
patient age was 61.7 (SD 13.4) years; 54.1% were fe-
male (n = 3,889) and 45.9% (n = 3,297) were male (sex
was unknown for 1 case). Most procedures were per-
formed in an inpatient setting (n = 7,084 [98.6%]) and
used a posterior surgical approach (n = 5,686 [83.7%]).
The mean operative duration was 3.86 (SD 2.3) hours,
and the median time from spinal fusion to infection
diagnosis was 21 (IQR 14-29) days (Table 1).

Microbiology of Spinal Fusion SSI

Most cases were monomicrobial infections (n = 4,407
[61.3%]), 1,263 (17.6%) cases were polymicrobial, and
the rest were culture-negative (1,517 [21.1%]). A total
of 7,551 unique microorganisms were isolated among
all cases reported to NHSN during the study period.
Gram-positive bacteria were implicated in 53% (n =
3,813) of all cases. Staphylococcus spp. was the most
prevalent bacterial genus, infecting 42.4% (n = 3,044)
of cases. S. aureus was identified as the single most
common pathogen, isolated in 30.6% (n = 2,200) of
all cases (Table 2; Appendix Table, https:/ /wwwnc.
cdc.gov/EID/article/32/11/26-0662-Appl.pdf).
Gram-negative bacteria were implicated in 31.5% (n =
2,265) of cases; the most common species were Esch-
erichia coli (n =565 [7.9%]) and Pseudomonas aeruginosa
(n =501 [7.0%]). Fungi and mycobacterial infections
were very rare; <2% of cases involved fungal organ-
isms, and 0.1% involved mycobacteria.

Table 1. Demographics and clinical characteristics of patients with spinal fusion surgical site infections in study of microbial etiology of
postoperative spinal fusion infections and factors associated with gram-negative infections, United States, 2021-2022*

Characteristic

All patients, n = 7,187

Mean age, y (SD) 61.67 (13.4)
Mean BMI (SD) 32.26 (7.8)
Sex
M 3,297 (45.9)
F 3,889 (54.1)
Unknown 1
Qutpatient 103 (1.4)
Mean duration of surgery, h (SD) 3.86 (2.3)
Approach
Anterior 920 (13.5)
Posterior 5,686 (83.7)
Both 189 (2.8)
ASA class
1 40 (0.6)
2 1,568 (23.1)
3 4,649 (68.4)
4 533 (7.9)
5 3(0.04)
Diabetes 2,216 (32.6)
Wound class
Clean 6,574 (96.8)
Clean-contaminated 135 (2.0)
Contaminated 23 (0.3)
Dirty 63 (0.9)
Spinal level
Axis-atlas 4 (0.1)
Axis-atlas/cervical 60 (0.9)
Cervical 1,367 (20.1)
Cervical/dorsal/ dorsolumbar 300 (4.4)
Dorsal/dorsolumbar 1,299 (19.1)
Lumbar/lumbosacral 3,765 (55.4)
Trauma, yes 349 (5.1)
Closure
Intentionally left open 65 (1.0)
Fully closed or partial 6,728 (99.0)
Timing of infection, days from procedure, median (IQR) 21 (14, 29)
Emergency 521 (7.7)
Use of scope 21 (0.3)

*Values are no. (%) except as indicated. ASA, American Society of Anesthesiologists; BMI, body mass index; IQR, interquartile range.
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Table 2. Distribution of causative microorganisms in postoperative spinal infections after spinal fusion in study of microbial etiology of
postoperative spinal fusion infections and factors associated with gram-negative infections, United States, 2021-2022*

Microorganism

No. (%) cases, n = 7,187

Staphylococcus species 3,044 (42.4)
Staphylococcus aureus 2,200 (30.6)
Coagulase-negative staphylococci (except S. lugdunensis) 824 (11.5)
S. lugdunensis 73 (1.0)

Enterococcus species 340 (4.7)

Streptococcus species, including nutritionally variant streptococci 191 (2.7)

Other commensal gram-positive bacteria (e.g., Corynebacterium species) 143 (2.0)

Enterobacterales 1,786 (24.9)
Escherichia coli 565 (7.9)
Proteus mirabilis 362 (5.0)
Klebsiella pneumoniae 297 (4.1)
Enterobacter cloacae complex 275 (3.8)
Serratia marcescens 255 (3.5)

Nonfermenting gram-negative bacilli 560 (7.8)
Pseudomonas aeruginosa 501 (7.0)

Other mucosal gram-negative bacilli (e.g., Hemophilus species) 16 (0.2)

Cutibacterium species 274 (3.8)

Other anaerobic bacteria (e.g., Bacteroides, Finegoldia species) 214 (3.0)

Fungi 139 (1.9)
Candida species 131 (1.8)

Mycobacteria 8(0.1)

Organism not fully identified 144 (2.0)

*All organisms represent unique organisms identified in all cultures across cases. The total number of unique organisms (n = 7,512) is greater than the
total number of reported cases (n = 7,187) due to the number of polymicrobial cases reported. Organism frequency is reported as the percent of
organisms involved across cases. Enterobacterales category includes additional species not individually listed. Nonfermenting gram-negative bacilli
include species other than Pseudomonas aeruginosa. Percentages do not sum to 100% because not all organisms are listed in this table.

Variables for Types of Infections

In multivariable multinomial logistic regression com-
paring gram-negative infections to a reference group
of monomicrobial S. aureus infections, several indepen-
dent predictors demonstrated significantly increased
odds of a gram-negative etiology. Female sex was as-
sociated with 39% (95% CI 1.19-1.59) higher odds of
gram-negative infection (p<0.001). Increasing age was
associated with higher odds of gram-negative infec-
tion (OR 1.03 [95% CI 1.02-1.03] per year; p<0.001),
representing a 3% increase in the likelihood of gram-
negative involvement per additional year of age.
Higher BMI was similarly associated with an increased
likelihood of gram-negative infection (OR 1.03 [95% CI
1.02-1.04]; p<0.001).

Each additional hour of operative duration in-
creased the odds of a gram-negative infection by
20% (OR 1.20 [95% CI 1.16-1.24]; p<0.001). A greater
comorbidity burden was also strongly and indepen-
dently associated with higher odds of a gram-nega-
tive etiology in a stepwise manner; patients classified
as ASA class 4 exhibited a nearly 16-fold increase in
the odds of gram-negative infection compared with
those in ASA class 1 (OR 15.7 [95% CI 3.35-73.5];
p<0.001). Furthermore, surgical procedures involv-
ing the lumbar spine (OR 1.51 [95% CI 1.23-1.86];
p<0.001) and cases associated with trauma (OR 1.91
[95% CI 1.38-2.64]; p<0.001) demonstrated signifi-
cantly higher odds of manifesting a gram-negative
infection rather than monomicrobial S. aureus.
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A longer duration of time between the index pro-
cedure and diagnosis was associated with significantly
lower odds of a gram-negative infection (OR 0.97 [95%
CI 0.96-0.97] per day; p<0.001), corresponding to a 3%
reduction in odds for each additional postoperative
day. Patients who underwent outpatient procedures
were also 59% less likely to develop gram-negative
infections than were those in the reference group (OR
0.41 [95% CI1 0.18-0.96]; p = 0.041) (Table 3).

For monomicrobial gram-negative infections, fe-
male sex was also associated with higher odds (OR
1.38 [95% CI 1.19-1.59]; p<0.001). Similar to the over-
all gram-negative cohort, each additional year of age
increased the likelihood of monomicrobial gram-
negative infection by 3% (OR 1.03 [95% CI 1.02-1.04];
p<0.001). Other significantly associated factors were
higher BMI and ASA class, lumbar spinal level, lon-
ger duration of surgery, inpatient surgery, surgeries
for trauma, and emergency surgeries. Conversely,
other gram-positive infections were associated with
significantly higher odds of occurring in male pa-
tients (OR 1.39 [95% CI11.06-1.82]; p = 0.019) and low-
er odds of thoracic spine involvement (OR 0.49 [95%
CI 0.32-0.74]; p<0.001) or lumbar spine involvement
(OR 0.44 [95% CI 0.32-0.62]; p<0.001) relative to the
reference group (Table 4).

Discussion
Our study represents a large national surveillance-
based analysis describing the contemporary microbial
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etiology of spinal fusion SSI. Our analysis of a nation-
al patient cohort showed gram-negative organisms
made up nearly one third of all patient cases and or-
ganisms identified in diagnostic cultures for spinal fu-
sion SSI. Among gram-negative bacteria, Enterobac-
terales (most commonly E. coli), and Pseudomonas spp.
were the predominant organisms identified. Gram-
negative bacteria have been previously reported
to affect 30%-54% of infections, occurring more fre-
quently in infections involving lower spinal levels,
particularly lumbar and sacral instrumentation (5,6).

The percentage is much larger than that reported for
other orthopedic implant infections, such as peripros-
thetic joint infection, where gram-negative infection
made up #11% of cases (7).

Consistent with previous literature demonstrat-
ing an anatomic gradient wherein lower spinal levels
carry an increased likelihood of gram-negative or-
ganism involvement in spinal fusion SSI (8), our anal-
ysis further delineates multiple independent patient-
specific and procedural variables that increase the
probability of gram-negative pathogen involvement

Table 3. Multinomial logistic regression analysis of factors associated with gram-negative spinal infections in study of microbial
etiology of postoperative spinal fusion infections and factors associated with gram-negative infections, United States, 2021-2022*

Staphylococcus aureus

Gram-negative infection, n = 2,265

Characteristic infection, N = 1,822 No. infections OR (95% CI) p value
Mean age, y (SD) 59.4 (13.6) 64.1 (13.5) 1.03 (1.02-1.03) <0.001
Mean BMI (SD) 31.1(7.6) 33.4(8.1) 1.03 (1.02-1.04) <0.001
Unknown 123 (6.8) 112 (4.9) - -
Male sex 862 (47.3) 884 (39.1) 0.72 (0.63-0.84) <0.001
Unknown — 1 - -
Outpatient surgery 28 (1.5) 10 (0.4) 0.41 (0.18-0.96) 0.041
Duration of surgery, h 3.59 (2.1) 4.4 (2.5) 1.20 (1.16-1.24) <0.001
Approach
Anterior 208 (12.2) 204 (9.5) Referent
Posterior 1,447 (85.2) 59 (2.7) 1.01 (0.80-1.28) >0.9
Both 44 (2.6) 1,890 (87.8) 0.87 (0.54-1.40) 0.6
Unknown 123 (6.8) 112 (4.9) - -
ASA class
1 16 (0.9) 2(0.1) Referent
2 465 (27.4) 369 (17.2) 4.90 (1.06-22.6) 0.042
3 1,131 (66.6) 1,556 (72.3) 7.15 (1.56-32.8) 0.011
4 86 (5.1) 224 (10.4) 15.7 (3.35-73.5) <0.001
Unknown 123 (6.8) 113 (5.0) - -
Diabetes 492 (29.0) 757 (35.2) 1.07 (0.92-1.24) 0.4
Wound class
Clean 1,656 (97.5) 2,064 (95.9) Referent
Clean-contaminated 28 (1.7) 54 (2.5) 1.74 (1.06-2.86) 0.030
Contaminated 4(0.2) 12 (0.6) 2.14 (0.65-7.07) 0.2
Dirty 11 (0.7) 23(1.1) 1.75 (0.79-3.85) 0.2
Unknown 123 (6.8) 112 (4.9) - -
Spinal level
Axis-atlas/cervical 12 (0.7) 21 (0.7) Referent
Cervical/dorsal/dorsolumbar 332 (19.5) 330 (14.5) 1.11 (0.77-1.62) 0.6
Dorsal/dorsolumbar 350 (20.6) 469 (21.8) 1.27 (0.99-1.63) 0.056
Lumbar/lumbosacral 916 (53.9) 1,333 (61.9) 1.51 (1.23-1.86) <0.001
Unknown 123 (6.8) 112 (4.9)
Trauma 87 (5.1) 139 (6.5) 1.91 (1.38-2.64) <0.001
Closure
Intentionally left open 14 (0.8) 21 (0.98) Referent
Fully closed or partial 1,684 (99.2) 2,131 (99.0) 1.08 (0.50-2.33) 0.9
Unknown 123 (6.8) 112 (4.9)
Timing of infection, mean days from 24 (17-33) 19 (14-27) 0.97 (0.96-0.97) <0.001
procedure (IQR)
Depth of infection
Superficial 424 (23.3) 657 (29.0) Referent
Deep 868 (47.6) 1,025 (45.3) 0.88 (0.74-1.05) 0.15
Organ space 530 (29.1) 583 (25.7) 0.85 (0.70-1.03) 0.1
Emergency 120 (7.1) 167 (7.8) 0.99 (0.75-1.32) >0.9
Unknown 123 (6.8) 112 (4.9) - -
Use of scope 2(0.1) 7(0.3) 2.60 (0.51-13.4) 0.3
Unknown 123 (6.8) 112 (4.9) - -

*Values are no. (%) except as indicated. ORs represent the relative odds of gram-negative infection compared with the reference group of monomicrobial
Staphylococcus aureus spinal fusion surgical site infection. ASA level 5 was removed because of insufficient numbers. Dashes indicate value was not
calculated. ASA, American Society of Anesthesiologists; IQR, interquartile range; OR, odds ratio.
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Table 4. Multinomial logistic regression analysis of predictors of monomicrobial gram-negative and other gram-positive spinal fusion
surgical site infections compared with monomicrobial Staphylococcus aureus infections in study of microbial etiology of postoperative
spinal fusion infections and factors associated with gram-negative infections, United States, 2021-2022*

Monomicrobial gram-negative infections

Other gram-positive infections

Characteristic OR (95% CI) p value OR (95% CI) p value
Age 1.03 (1.02-1.03) <0.001 1.01 (1.00-1.02) 0.061
BMI 1.03 (1.02-1.04) <0.001 1.02 (1.00-1.04) 0.043
Male sex 0.73 (0.63-0.84) <0.001 1.39 (1.06-1.82) 0.019
Outpatient surgery 0.41 (0.18-0.96) 0.040 0.88 (0.29-2.65) 0.8
Duration of surgery 1.20 (1.16-1.24) <0.001 1.06 (1.00-1.13) 0.066
Surgical approach

Anterior Referent Referent

Posterior 1.01 (0.80-1.28) >0.9 0.98 (0.66-1.46) >0.9

Both 0.86 (0.53-1.39) 0.5 1.31 (0.57-2.99) 0.5
ASA class

1 Referent Referent

2 4.83 (1.05-22.3) 0.044 2.10 (0.27-16.5) 0.5

3 7.04 (1.53-32.3) 0.012 2.33(0.30-18.1) 0.4

4 15.4 (3.29-72.0) <0.001 1.96 (0.24-16.3) 0.5
Diabetes 1.20 (0.90-1.60) 0.2
Wound class

Clean Referent Referent

Clean-contaminated 1.74 (1.06-2.87) 0.029 1.13 (0.43-2.97) 0.8

Contaminated 2.21 (0.66-7.33) 0.2 0.00 (0.00-0.00) <0.001

Dirty 1.76 (0.80-3.89) 0.2 0.00 (0.00-0.00) <0.001
Spinal level

Axis-atlas/cervical Referent Referent

Cervical/dorsal/dorsolumbar 1.11 (0.77-1.61) 0.6 0.59 (0.32-1.08) 0.087

Dorsal/dorsolumbar 1.27 (0.99-1.63) 0.056 0.49 (0.32-0.74) <0.001

Lumbar/lumbosacral 1.51 (1.22-1.85) <0.001 0.44 (0.32-0.62) <0.001
Trauma 1.91 (1.38-2.64) <0.001 1.04 (0.57-1.89) 0.9
Closure

Intentionally left open Referent Referent

Fully closed or partial 1.07 (0.50-2.33) 0.9 2.33(0.30-18.1) 0.4
Timing of infection, days from procedure 0.97 (0.96-0.97) <0.001 0.99 (0.98-1.00) 0.11
Depth of infection

Superficial Referent Referent

Deep 0.88 (0.74-1.05) 0.15 0.95 (0.68-1.33) 0.8

Organ space 0.85 (0.70-1.03) 0.10 1.14 (0.79-1.66) 0.5
Emergency 0.99 (0.75-1.31) >0.9 1.50 (0.93-2.39) 0.093
Use of scope 2.55 (0.49-13.1) 0.3 0.00 (0.00-0.00) <0.001

*ORs represent the relative odds of monomicrobial gram-negative infections or other gram-positive infection compared with the reference group of
monomicrobial Staphylococcus aureus spinal fusion surgical site infection. ASA level 5 was removed because of insufficient numbers. ASA, American

Society of Anesthesiologists; BMI, body mass index; OR, odds ratio.

relative to monomicrobial S. aureus infection. Spe-
cifically, female sex, advanced age, higher BMI,
prolonged operative duration, greater comorbidity
burden, and emergency and trauma-related proce-
dures were independently associated with a higher
likelihood of gram-negative infection compared
with infections involving monomicrobial S. aureus.
The associations remained consistent in a secondary
analysis restricted to monomicrobial gram-negative
and monomicrobial S. aureus infections, demonstrat-
ing that the findings are not confounded by coinfect-
ing organisms.

The precise underlying mechanisms driving the
observed associations between those independent
variables and gram-negative infections remain to
be fully elucidated. Of note, our finding that trau-
ma before spinal fusion independently correlates
with a gram-negative etiology aligns with existing
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literature on fracture-related infections, which sim-
ilarly demonstrate a high proportion of gram-neg-
ative infections (9). Those parallel clinical observa-
tions highlight a critical area for future prospective
studies to investigate the specific pathophysiologi-
cal pathways.

The strengths of this study include the use of
a large, national dataset derived from the NHSN,
encompassing thousands of spinal fusion SSI cases
reported from multiple centers across the United
States. This sample size exceeds that of most pre-
viously published studies, which have often been
limited to single institutions or regional networks
and therefore subject to potential biases because of
local practice patterns, patient demographics, and
institutional protocols. The multicenter nature of the
dataset enhances the generalizability of our findings
and provides substantially greater statistical power
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to detect associations among patient characteristics,
surgical factors, and microbial etiology.

The first limitation of our study is that the re-
porting of spinal fusion SSIs to the NHSN is volun-
tary, introducing the possibility of reporting bias.
Because the NHSN database only records infected
episodes, the lack of an uninfected control group
prevents evaluation of risk factors for development
of infection. The use of S. aureus infections as the
statistical reference limits generalizability because
that cohort only involves those that already have in-
fections. Because this national registry dataset con-
tains only standardized, registry-submitted data,
we lacked access to granular clinical details, such
as specific perioperative antimicrobial protocols,
antibiotic susceptibility profiles, use of allografts,
instrumentation, and the precise anatomic source
of the cultures. Furthermore, the redaction of key
geographic and institutional variables, including
facility size and type, prevented their inclusion in
our multinomial models, limiting our ability to as-
sess the variables that might have been pertinent.
As an example, an outbreak of spinal fusion SSls
associated with the use of bone allografts infected
with Mycobacterium tuberculosis that was reported
in 2021 might not be fully captured in our study
(10).

Because our cohort spans 2021-2022, our find-
ings reflect pandemic-era practice patterns and case
mixes. Institutional restrictions and altered clinical
priorities during this period might have altered typi-
cal patient demographics and surgical volumes. As a
consequence, those transient pandemic-era modifica-
tions could limit the generalizability of our results to
current, postpandemic clinical practice.

In conclusion, gram-negative infections account
for nearly one third of spinal fusion SSIs and are asso-
ciated with specific patient and surgical factors. The
identification of independent factors related to gram-
negative infections provides a practical foundation
for transitioning from a universal approach to risk-
stratified clinical decision-making. For researchers,
specific high-risk cohorts highlight key target popu-
lations for future studies evaluating expanded gram-
negative prophylactic regimens. For clinicians, using
these risk profiles can guide timely, targeted empiric
antimicrobial selection when spinal fusion SSIs occur,
ultimately balancing optimal antimicrobial steward-
ship with tailored patient care.
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Invasive Enterovirus and
Parechovirus Infections in Adults,
Alberta, Canada, 2023—2025

Jamil N. Kanji, Hong Yuan Zhou, Nathan Zelyas, Kanti Pabbaraju, Anita Wong, Kara Gill,
Tarah Lynch, Graham Tipples, Nabeela Nathoo, Dima Kabbani, Adil Adatia

We conducted a retrospective, population-based labo-
ratory surveillance study during May 2023—-December
2025 in Alberta, Canada, to characterize adult invasive
enterovirus and parechovirus infections and to iden-
tify groups at high risk for those infections. Of 15,621
samples tested, 162 (1.0%) were virus positive, of which
51 (31.5%) samples from 39 patients indicated invasive
infections. Cerebrospinal fluid, blood, and cardiac tissue
were the most frequent virus-positive specimens. The
invasive enterovirus and parechovirus incidence rate
was 0.37 cases/100,000 person-years; rates were high-
er in patients <50 versus >50 years of age (incidence
rate ratio 8.2; p<0.001). The annual incidence rates
were 0.20—-0.56 cases/100,000 person-years; rates ap-
peared higher in 2025 than in 2024 (incidence rate ratio
2.1; p = 0.11). Severe disseminated enterovirus infec-
tion occurred in 2 patients who received ocrelizumab.
Continuous surveillance and ongoing optimization of en-
terovirus and parechovirus detection assays is essential
for comprehensive public health tracking.

Enteroviruses and parechoviruses are globally cir-
culating picornaviruses that typically cause mild
or asymptomatic infections but can cause severe in-
vasive disease in certain clinical contexts. Several
nationwide studies in Denmark reported that entero-
viruses are among the leading viral causes of adult
meningitis, which has a favorable outcome in im-
munocompetent patients (1-3). Beyond meningitis,
enteroviruses can cause encephalitis and meningoen-
cephalitis (4), as well as myocarditis and pericarditis
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(commonly caused by coxsackievirus B) (5). Invasive
enterovirus infection can also manifest a dissemi-
nated sepsis-like syndrome in immunocompromised
hosts (6). Surveillance and cerebrospinal fluid (CSF)-
based typing studies in Europe and North America
have characterized coxsackievirus B5, enterovirus
A71 (EV-A71), and EV-D68 as commonly identified
invasive genotypes (7-9). Among echoviruses (a sub-
set of enteroviruses), echoviruses 6, 9, 11, and 18 are
commonly reported invasive types (7,10). Invasive
enterovirus-type distribution likely varies according
to clinical syndrome, geography, and time, which re-
flects the heterogeneity of observed genotypes (11).
Parechovirus infections are reported less fre-
quently in adults than in neonates and infants. One
study found parechovirus prevalence in adults was
0.18% (12). Nevertheless, adult cases of parechovirus-
induced meningoencephalitis and severe systemic
infections have been documented, usually in the set-
ting of immunosuppression or critical care (12). That
finding suggests that adult disease might be under-
recognized. Parechoviruses 1, 3, 5, and 6 are the most
frequently reported invasive parechovirus geno-
types (12-15). Outcome data for adults with invasive
parechovirus infections are limited to small series and
case reports that describe outcomes ranging from re-
covery to fatal encephalitis in vulnerable hosts (16).
Being immunocompromised is commonly re-
ported as a risk factor for invasive enterovirus or
parechovirus infections in adults (17). Severe entero-
virus infections have been described in patients who
have hematologic malignancies, organ transplan-
tation, and hypogammaglobulinemia (congenital
or acquired) and in those receiving B-cell depleting
therapies (17-19). Long-term follow-up studies on
enterovirus infections of the central nervous system
(CNS) in adults also identified immunosuppression
as a predictor of poor outcomes (20). More recently,
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multiple reports have described disseminated entero-
virus infections in patients who had B-cell depletion
after ocrelizumab treatment for multiple sclerosis; al-
most all patients had documented hypogammaglob-
ulinemia, and outcomes included recovery, residual
deficits, and death (9,21-24).

Data on invasive enterovirus and parechovirus
infections in adults are limited, particularly in im-
munocompromised populations. Prompted by the
laboratory identification of severe disseminated en-
terovirus infections in ocrelizumab-treated patients,
we conducted a population-based review of laborato-
ry-confirmed invasive enterovirus and parechovirus
infections among adults in Alberta, Canada, during
2023-2025.

Materials and Methods

Study Design, Data Extraction, and Chart Review

We extracted laboratory data regarding all entero-
virus and parechovirus testing in adult patients
conducted in Alberta, Canada, during May 1, 2023-
December 31, 2025, from the provincial electronic
medical records in the laboratory information system
(Epic, https:/ /www.epic.com). The Conjoint Health
Research Ethics Board at the University of Calgary in
Calgary, Alberta, Canada, approved this study before
data collection (study identification no. REB25-2031).

We included data for adult patients (>17 years of
age at the time of specimen collection, according to
the provincial health administration definition). We
defined invasive infection as the detection of entero-
virus or parechovirus nucleic acid by using real-time
reverse transcription PCR of blood, CSF, joint fluid, or
tissue biopsy samples collected from a sterile site. We
did not classify detection of enteroviruses or parecho-
viruses in tissue samples from skin, respiratory, oral,
or mucosal tissue as an invasive infection.

We extracted and tabulated data for specimens
that met the inclusion criteria (samples from adult
patients and invasive infection). We conducted retro-
spective chart reviews to collect patient information
regarding disease manifestation, diagnostic evalu-
ation, presence of underlying immunosuppressive
conditions or medications, need for critical care, ex-
tracorporeal membrane oxygenation, and whether
the patient survived the infection. We categorized
patients as either having no recognized immunosup-
pression, receiving ocrelizumab, or having a recog-
nized immunocompromising condition. We defined
geographic distribution by using the second digit
within the patient’s postal code, which categorized
the patient as residing in urban or rural postal sorting
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areas. We used a composite of intensive or coronary
care unit admission, requirement for extracorporeal
membrane oxygenation, or death attributable to en-
terovirus or parechovirus infection to define a critical
or fatal outcome. We recorded results of genetic test-
ing for inborn errors of immunity when those tests
were requested by clinicians managing each patient.

Setting and Enteroviruses and Parechoviruses Testing
As of April 1, 2026, Alberta had a population of 5.06
million persons (https://economicdashboard.alber-
ta.ca/dashboard/population-quarterly). Testing for
enterovirus and parechovirus in Alberta is conducted
centrally at the Alberta Precision Laboratories Public
Health Laboratory in Calgary. Testing is performed
on a wide range of specimen types by using a vali-
dated, nonquantitative, laboratory-developed multi-
plex real-time reverse transcription PCR that targets
the 5 nontranslated regions of both enteroviruses
and parechoviruses (Appendix, https:/ /wwwnc.cdc.
gov/EID/article/32/11/26-0941-Appl.pdf) (25).

Typing of Enterovirus Isolates

We performed enterovirus typing for specimens from
all invasive cases. For patients with multiple positive
specimens, we selected the specimen that had the
lowest cycle threshold (Ct) value for genotyping. Ge-
notyping included PCR amplification and Sanger se-
quencing of a segment of the 5' nontranslated region
(293 bp), the viral protein (VP) 4 gene (207 bp), and
5' region of the VP2 gene (250 bp) (26,27). We per-
formed phylogenetic analysis of 62 amino acids from
the VP2 protein by using the neighbor-joining meth-
od in MEGA version 10.2.2 (https:/ /www.megasoft-
ware.net) (Appendix).

Statistical Analysis

We performed statistical analyses by using R Studio
version 2026.08.0, build 187 (Posit Software, https://
posit.co). We compared Ct values by using medians
and interquartile ranges and by using the Mann-
Whitney U test for nonnormal distributions.

We obtained population estimates for persons in
Alberta who were >17 years of age from the Govern-
ment of Alberta Office of Statistics and Information
and stratified those data according to age and sex dur-
ing 2023-2025. Only two thirds of a population year
were available for estimates in 2023 because surveil-
lance commenced in May (hence, 2023 denominator
contributions were multiplied by 2/3). We used those
estimates to calculate incidence rates for all invasive
enterovirus and parechovirus infections, enterovi-
rus-only infections, calendar year, age strata (17-29,
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30-49, 50-64, and >65 years of age), and sex, as well
as for critical or fatal invasive infection. We expressed
all rates as per 100,000 person-years along with exact
95% Poisson Cls because of the low number of events.

The manufacturer of ocrelizumab (Hoffman-La
Roche Canada, https:/ /www.rochecanada.com) pro-
vided the number of patients who received >1 dose
of the agent in Alberta annually during 2023-2025.
We estimated the crude risk for invasive enterovirus
disease and mortality rates for patients taking ocreli-
zumab by dividing the number of observed events by
the treated patient-years (summed annual counts of
active ocrelizumab-treated persons) and calculated
exact 95% Cls as described. We prorated the 2023
patient count for the May-December observation pe-
riod as described. We scaled the results according to
treated patient-years. We assumed that invasive en-
terovirus disease was a patient-level outcome rather
than an infusion-level outcome and that stable treat-
ment exposure occurred within each calendar year
(i.e., dosing every 6 months).

We assessed event rates between groups by cal-
culating pairwise incidence rate ratios (IRRs) and
exact 95% Poisson Cls. To evaluate rate differences
according to age, we tested for consistency across
all age groups (exact conditional test of homogene-
ity) assuming a null hypothesis of equal incidence.
We compared incidences between sex, 2024 and 2025,
and various age categories (Appendix).

Results

Virus Testing

Over the ~3-year study period, a total of 15,621 sam-
ples were received for enterovirus and parechovirus
testing (Table 1). Of those, 162 (1.0%) samples were
positive; 51 (31.5%) met our definition of invasive
infection. CSF was the most common specimen type
received (40 [78.4%] samples), followed by blood (8
[15.7%] samples) and heart tissue (3 [5.9%] samples)
(Appendix Table 1). Of the 51 samples positive for in-
vasive infection, 50 were positive for enterovirus and
1 for parechovirus (Appendix).

Characteristics of Patients with Invasive

Virus Infection

The 51 positive specimens were from 39 patients who
were a median age of 32.5 years (range 17-72 years;
interquartile range 23-35 years); 22 (56.4%) were fe-
male and 17 (43.6%) male (Table 2; Appendix Tables
2, 3). According to postal code sorting, 33 (84.6%) pa-
tients resided in urban areas and 6 (15.4%) in rural ar-
eas. Invasive cases occurred in 14 (35.9%) patients in
2023, eight (20.5%) in 2024, and 17 (43.6%) in 2025 (38
cases were caused by enterovirus; 1 was caused by
parechovirus in 2024). Most (69.2%; n = 27) patients
were hospitalized; median stay was 3 days. Only 2
patients required admission to a critical care setting.
The most common enterovirus syndromes were asep-
tic meningitis (31 [79.5%] patients) and encephalitis
or meningoencephalitis (6 [15.4%] patients). Two pa-
tients in the cohort died.

CSF analysis was conducted for 37 (94.9%) pa-
tients (Appendix Table 3). All patients with asep-
tic meningitis had CSF leukocytosis (>5 x 10°
leukocytes/L). In 30 (76.9%) patients who underwent
CNS imaging, 28 (93.3%) had no acute abnormality
reported. The cases demonstrated a seasonal pattern
(Figure 1) in 2023 and 2025, with peaks in the summer
and early autumn; fewer cases were reported in 2024.

Incidence Rates and Comparisons

The overall incidence rate of invasive enterovirus and
parechovirus infections was 0.37 (95% CI 0.27-0.51)
cases/100,000 person-years (Table 3). Annual inci-
dence rates varied from 0.20 to 0.56 cases/100,000
person-years; the highest incidence was observed
in 2023 and lowest in 2024. Incidence varied signifi-
cantly according to age group (overall p value was
<0.001), and the highest rates were among adults
17-29 and 30-49 years of age. The incidence rate for
a critical or fatal outcome was 0.02 (95% CI 0.0-0.07)
cases/100,000 person-years. Analysis combining age
strata demonstrated that the incidence among adults
<50 years of age was 8.2-fold higher than among
those >50 years of age (IRR 8.21 [95% CI 2.59-41.65];
p<0.001). Incidence did not differ significantly

Table 1. Numbers of specimens tested for enterovirus and parechovirus from adults with invasive infections, Alberta, Canada,

2023-2025
No. (%) specimens/study year
Specimens 2023 2024 2025 Total, no. (%)
No. specimens received* 3,723 5,767 6,131 15,621
Positive for virus 42 (1.1) 58 (1.0) 62 (1.0) 162 (1.0)
Positive invasive infectiont 15 (35.7) 9 (15.5) 27 (43.5) 51 (31.5)
Cerebrospinal fluid samples 15 (100) 8(88.9) 17 (63.0) 40 (78.4)
Blood samples 0 1(11.1) 7 (25.9) 8 (15.7)
Sterile tissue samples 0 0 3(11.1) 3(5.9

*All specimens received (sterile and nonsterile sites).

TNo. (%) virus-positive samples. Counts reflect positive specimens; some patients contributed >1 specimen.
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Table 2. Clinical characteristics of patients in study of invasive enterovirus and parechovirus infections in adults, Alberta, Canada,

2023-2025*
Characteristics Not IC, n =33 IC by ocrelizumab, n=3 IC for other reasons, n = 3 Total
Median age, y (IQR) 31 (23-35) 29 (29-32) 39 (38-53) 32.5 (23-35)
Age groups, y
17-29 14 (42.4) 2 (66.7) 0 16 (41.0)
30-49 17 (51.5) 1(33.3) 2 (66.7) 20 (51.3)
50-64 1(3.0) 0 0 1(2.6)
>65 1(3.0) 0 1(33.3) 2(5.1)
Study year
2023, May—December 14 (42.4) 0 0 14 (35.9)
2024 7(21.2) 1(33.3) 0 8(20.5)
2025 12 (36.4) 2 (66.7) 3 (100) 17 (43.6)
Sex
F 18 (54.5) 2 (66.7) 2 (66.7) 22 (56.4)
M 15 (45.5) 1(33.3) 1(33.3) 17 (43.6)
Geographic distributiont
Urban postal code 29 (87.9) 1(33.3) 3 (100) 33 (84.6)
Rural postal code 4(12.1) 2 (66.7) 0 6 (15.4)
Enterovirus/parechovirus syndrome
Aseptic meningitis 28 (84.8) 0 3 (100) 31 (79.5)
Encephalitis/meningoencephalitis 5(15.2) 1(33.3) 0 6 (15.4)
Disseminated infection, myocarditis 0 2 (66.7) 0 2(5.1)
Clinical course and outcomes
Hospitalized 21 (63.6) 3 (100) 3(100) 27 (69.2)
Median length of stay, d (IQR) [range] 2 (2-3) [1-11] 45 (26.5-62.5) [8-80]8 4 (3.5-5.5) [3-7] 3(2-5.5)
ICU or ECMO admission 0 2 (66.7) 0 2(5.1)
Death 0 2 (66.7) 0 2(5.1)
Underlying illnesses
None 10 (30.3) 0 0 10 (25.6)
Hyperlipidemia 1(3.0) 0 1(33.3) 2(.1)
Hypothyroid 2(6.1) 0 1(33.3) 3(7.7)
Inflammatory bowel disease 0 0 1(33.3) 1(2.6)
Irritable bowel syndrome 0 1(33.3) 1(2.6)
Lymphoma 0 0 1(33.3) 1(2.6)
Migraine 4(12.1) 0 0 4 (10.3)
Multiple sclerosis 0 3 (100) 0 3(7.7)
Obstructive sleep apnea 0 0 1(33.3) 1(2.6)
Opioid/substance use disorder 4(12.1) 0 0 4 (10.3)
Solid organ transplant 0 0 1(33.3) 1(2.6)
Rheumatoid arthritis 0 1(33.3) 0 1(2.6)

*Values are no. (%) except as indicated. Total no. patients = 39. ADHD, attention deficit hyperactivity disorder; ECMO, extracorporeal membrane
oxygenation; IC, immunocompromised; ICU, intensive care unit; IQR, interquartile range.

tUrban and rural postal code classifications were according to the second character of the Forward Sortation Area of Canada Post; numerals 1-9 were
classified as urban and 0 as rural. Those categories represent postal delivery geography and do not necessarily correspond to census-based definitions
of urban and rural residence (https://www.canadapost-postescanada.ca/cpc/en/support/articles/addressing-guidelines/postal-codes.page, accessed 2026

Aug 10).

1Thirty (96.8%) of 31 patients with aseptic meningitis had cerebrospinal fluid pleocytosis (leukocyte count >5 x 10° cells/L).
8§One of the 3 hospitalized patients in this group had 2 hospitalizations, which were counted separately.

according to sex (IRR 1.30 [95% CI 0.66-2.61]; p =
0.43). Incidence appeared to be approximately 2-fold
higher in 2025 than in 2024, although that difference
was not statistically significant (IRR 2.07 [95% CI
0.85-5.54]; p = 0.11).

Invasive Enterovirus Infections in
Immunocompromised Patients

Six (15.4%) of 39 patients with invasive enterovirus in-
fection were considered immunocompromised (Table
2; Appendix Table 4). The underlying causes of im-
munosuppression were CD20 monoclonal antibody
treatment in 4 patients (3 used ocrelizumab for mul-
tiple sclerosis, and 1 used rituximab for lymphoma),
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organ transplantation in 1 patient, and infliximab use
for Crohn’s disease in 1 patient. Three of the 6 pa-
tients had aseptic meningitis, 1 had encephalitis, and
2 had disseminated infection with fulminant myocar-
ditis. The 2 patients with myocarditis were receiving
ocrelizumab, and both died (Appendix Table 4).

The numbers of patients who received >1 dose of
ocrelizumab in Alberta during the study years were
1,778 for 2023, 1,972 for 2024, and 2,119 for 2025 (M.
Davies, Hoffman-La Roche Limited, pers. comm.,
email, 2026 Jan 14). On the basis of those data, the es-
timated crude incidence rate for invasive enterovirus
disease among persons receiving ocrelizumab was
56.9 (95% CI 11.7-166.2) cases/100,000 ocrelizumab-
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Figure 1. Seasonal variation

of invasive enterovirus and
parechovirus infections in adults,
Alberta, Canada, 2023-2025.

treated patient-years. The crude incidence rate for
death caused by invasive enterovirus disease for a
person using ocrelizumab was 37.9 (95% CI 4.6-136.9)
cases /100,000 ocrelizumab-treated patient-years. De-
nominators for other immunocompromised popula-
tions in the province were not available, preventing
subgroup incidence determination.

Genotyping of Invasive Enterovirus Isolates

Invasive enteroviruses could be amplified for geno-
typing in 18 (46.2%) of 39 cases (Figure 2; Appendix
Table 5). The most frequently identified enterovirus
was echovirus 30, followed by coxsackievirus B4 and
echovirus 9. Echovirus 9 and echovirus 18 were ob-
served over multiple surveillance years (both during
2024 and 2025). Enterovirus typing was possible for
samples from 4 of 6 immunocompromised patients
(Appendix Table 4). Coxsackievirus B3 was identi-
fied in 2 of 6 immunocompromised patients who had
sepsis and myocarditis (both receiving ocrelizumab),
echovirus 9 was found in 1 patient with meningitis,
and EV-A71 was found in 1 patient with meningoen-
cephalitis. Both fatal cases involved coxsackievirus B3
that was associated with severe, fulminant myocardi-
tis and heart failure (Appendix Table 4). We submit-
ted all 18 sequences from this study to GenBank (ac-
cession nos. PZ914341-58) (Appendix Table 6).

We created a dendrogram to evaluate the relat-
edness of the typed strains, including strains that
infected ocrelizumab-treated persons (Appendix
Figure). Phylogenetic analysis of the VP2 regions
demonstrated that clinical isolates from adult pa-
tients clustered among established reference strains
without evidence of close relatedness among the se-
quences. Those findings indicate genetic diversity
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among the enteroviruses causing invasive disease in
Alberta without a single clonal cluster.

Discussion

In a provincewide, laboratory-based retrospective
study in Alberta, Canada, we identified 39 adults
with invasive enterovirus or parechovirus infections
over a 32-month period, which resulted in an over-
all incidence rate of 0.37 cases/100,000 person-years.
Most patients were not immunosuppressed and had
favorable outcomes; aseptic meningitis was the prin-
cipal manifestation of infection. Deaths were only re-
corded among a subgroup of immunocompromised
patients who received ocrelizumab, a CD20-binding
B-cell depleting agent.

The incidence of invasive enterovirus infection in
our cohort was higher among adults <50 years of age.
Rates were 0.51-0.72 cases/100,000 person-years for
persons 17-49 years of age, compared with 0.05-0.10
cases/100,000 person-years for those >50 years of
age. That age distribution is consistent with several
studies in Denmark that identified a median age of
31-33 years among adults with invasive enterovirus
infection (1,3). In our analysis, incidence was ~8-fold
higher among adults <50 years than for those >50
years of age; however, the analysis might be limited
by low case numbers in the >50 years of age group.
Although the exact reason for the ~8-fold difference
is unclear, published studies hypothesized that old-
er adults are protected more by accumulated type-
specific and cross-reactive immunity than younger
adults (1,28). In contrast, the observed incidence did
not differ according to sex, suggesting that age was
the more prominent variable associated with inva-
sive infection, as previously reported (1,3). However,
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2 studies identified sex as a driver of outcome; 1 of
those studies reported female patients with invasive
enterovirus infections were 2.3 times more likely to
experience an unfavorable outcome at discharge than
those who had other causes of viral meningitis (1,3).
The annual incidence of invasive enterovirus in-
fections varied during the surveillance period. Fewer
infection cases were identified in 2024 than in 2025,
which is unlikely to represent an interruption in
laboratory surveillance. We can confirm that labora-
tory surveillance was continuous throughout 2024,
and the overall enterovirus and parechovirus PCR
test positivity remained at 1% across study years.
Although the population incidence rate of invasive
enterovirus infection appeared ~2-fold higher in 2025
(0.42 cases/100,000 person-years) than in 2024 (0.20
cases/100,000 person-years), that difference was not
statistically significant (IRR 2.1; p = 0.11). Because of
the small number of invasive infections, we hypothe-
size that the observed annual differences reflect year-
to-year variation in enterovirus circulation rather
than a sustained change in incidence. The 2023 rate
was not directly compared (in terms of IRRs) to 2024

Invasive Enterovirus Infections, Alberta, Canada

and 2025 because surveillance only started in May of
that year.

Among patients receiving ocrelizumab in our
cohort, 3 invasive enterovirus infections occurred,
which caused 2 deaths. Although we reported few
deaths (thus, requiring cautious interpretation), that
clustering highlights a potential pharmacovigilance
signal. The crude incidence rate of 56.9 cases /100,000
ocrelizumab-treated patient-years in our study is
higher than reported population-based enterovirus-
mediated meningitis estimates (1.8-3.6 cases/100,000
patient-years) (1), although differences in study
populations and endpoints make direct comparisons
difficult. Disseminated enterovirus infection among
patients receiving ocrelizumab has been previously
reported (Appendix Table 7), and numerous recent
reports have also emphasized a potential safety
signal (21,22,24). The mechanisms leading to infec-
tion have been proposed to be ocrelizumab-induced
hypogammaglobulinemia that causes deficient hu-
moral immunity and B-cell depletion that causes re-
duced enterovirus clearance. Two of the 3 affected
patients in our study had serum IgG concentrations

Table 3. Population-estimated incidence rates and rate comparisons for invasive enterovirus and parechovirus infections in adults,

Alberta, Canada, 2023—2025*

Measurementst Incidence/100,000 PY (95% ChHt IRR (95% Cht p value
Overall incidence rates

Invasive enterovirus and parechovirus 0.37 (0.27-0.51) NA

Enterovirus only 0.36 (0.26—-0.50) NA
Incidence rates according to age group, y

17-29 0.72 (0.41-1.16) NA

30-49 0.51 (0.31-0.78) NA

50-64 0.05 (0.00-0.25) NA

>65 0.10 (0.01-0.36) NA
Age-group comparisons, y§

17-29 vs. 30-49 NA 1.42 (0.69-2.89) 0.30

<50 vs. >50 NA 8.21 (2.59-41.65) <0.001
Annual incidence ratesf

May—December 2023 0.56 (0.31-0.95) NA

2024 0.20 (0.09-0.40) NA

2025 0.42 (0.25-0.68) NA
Annual comparison

2025 vs. 2024 NA 2.07 (0.85-5.54) 0.11
Sex-stratified incidence rates#

F 0.42 (0.26-0.64) NA

M 0.33 (0.19-0.52) NA
Sex comparison

Fvs.M NA 1.30 (0.66—2.61) 0.43

Critical or fatal outcome incidence rate**
ICU/CCU admission, ECMO support, or death
attributed to invasive virus infection

0.02 (0.00-0.07) NA

*CCU, cardiac care unit; ECMO, extracorporeal membrane oxygenation; ICU, intensive care unit; IRR, incidence rate ratio; NA, not applicable; PY,

person-years.

TUnless otherwise indicated, rates were calculated for the entire study (May 2023-December 2025) and represent invasive enterovirus and parechovirus
infections. Rates were calculated by using population estimates obtained from the Alberta Population Table, Government of Alberta, Office of Statistics

and Information (https://goa-osi-dashboards.azurewebsites.net/Reports).
FExact Poisson 95% CI was calculated.

8The overall comparison of incidence rates across all 4 age groups was statistically significant (exact conditional test of homogeneity; p<0.001).
fBecause the surveillance period in this study began in May 2023, the annualized 2023 incidence disproportionately represents months of expected
seasonal enterovirus circulation and should not be directly compared with complete calendar years.

#Reported in the patient’s charts at the time PCR was used to detect enterovirus and parechovirus.

**Includes all patients infected with invasive enterovirus or parechovirus (n = 39).
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Figure 2. Genotyping of invasive
enterovirus isolates in study

of invasive enterovirus and
parechovirus infections in adults,
Alberta, Canada, 2023—-2025.

Of 39 unique patients with
invasive virus infections, PCR
amplification and genotyping
were performed on samples from
4 of 14 patients in 2023, three of
8 patients in 2024, and 11 of 17
patients in 2025.

above the commonly cited 4 g/L threshold for im-
munoglobulin replacement and had no history of re-
current infections (29). Clinician-ordered testing for
inborn errors of immunity was performed for only 2
ocrelizumab-treated patients; 1 of those patients had
a TNFRSF13B C104R gene variant, which increases
susceptibility to antibody deficiency (30). However,
because the remaining patients in this cohort (in-
cluding other immunocompromised patients) were
not tested, the potential contribution of underlying
genetic susceptibilities to severe enterovirus disease
could not be assessed. Further study will be needed
to determine clinical predictors of susceptibility in
this group of patients.

Our genotyping results suggest that multiple en-
terovirus types (e.g., coxsackievirus B viruses, vari-
ous echoviruses, and EV-A71) circulated during the
study period. The frequent detection of echovirus 9
and echovirus 30 is consistent with previous reports
identifying those as common virus types that contrib-
ute to adult aseptic meningitis (31). The seasonal dis-
tribution of cases mirrors that of established entero-
virus circulation patterns in North America, which
peak during late spring through early autumn (32).

Our findings highlight critical diagnostic consid-
erations pertaining to enterovirus infection diagno-
ses. Neuroimaging showed no obvious abnormality
in 28 (93.3%) of 30 patients who were imaged, con-
sistent with previous studies of virus-induced or
aseptic meningitis in which leptomeningeal enhance-
ment is variably present (1,33). Many available mul-
tiplex respiratory panels combine enterovirus and
rhinovirus targets. Although those panels can pro-
vide early indicators of enterovirus disease, distinc-
tion from rhinovirus is required, and the presence of

1852

enterovirus in respiratory samples alone cannot es-
tablish invasive, disseminated disease (34). Further-
more, the enterovirus load within the CNS is typically
low (35). Low-level smoldering enterovirus loads in
immunocompromised patients who have potential
meningoencephalitis have been described (36). Thus,
in immunocompromised patients who have delayed
or atypical manifestations of infection, testing addi-
tional specimens, such as blood, other sterile sites, or
tissue (e.g., myocardial biopsy), should be considered
to enhance the diagnostic yield (37,38).

The principal strength of this study is the central-
ized testing of enterovirus from different specimen
types; thus, we captured all positive samples accu-
rately during the study period. The first limitation
of our study is that the genotyping of enterovirus
isolates was only available for 18 (46.2%) of 39 iso-
lates because of low virus loads. Our sequencing as-
say does not reliably amplify virus sequences when
the Ct is >34 cycles. Second, because a retrospective
laboratory-based study relies on clinician-directed
testing, we were more likely to capture more severe
infections. Patients with milder cases might not have
sought care or undergone diagnostic testing. Finally,
the risk estimates for ocrelizumab-treated patients
should be interpreted with caution because of the
small number of events and reliance on aggregate
measures of drug treatment exposure. Further study
will be critical to help refine those estimates.

In conclusion, invasive adult enterovirus and
parechovirus infections are uncommon in Alberta and
manifest most often as self-limited aseptic meningitis
among adults <50 years of age. Severe infections that
required care in an intensive care unit or had a poor
outcome were rare and occurred exclusively among
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ocrelizumab-treated patients. Maintaining a high
index of suspicion for disseminated disease in high-
risk patients might expedite earlier diagnosis and im-
prove outcomes. Ongoing surveillance and broader
optimization of enterovirus and parechovirus detec-
tion assays remain essential for comprehensive public
health tracking.
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Five-Biomarker Definition for
Hypervirulent Klebsiella pneumoniae
Bloodstream Infection and Abscess
Complications, Japan,2022—2024

Naoki Watanabe, Tomohisa Watari, Yoshihito Otsuka, Tomoh Matsumiya

Hypervirulent Klebsiella pneumoniae (hvKp) is an emerg-
ing cause of invasive infection, but clinical relevance of a
5-biomarker genotypic definition remains unclear. We an-
alyzed 207 episodes of K. pneumoniae bloodstream infec-
tion at a tertiary hospital in Japan during 2022-2024. We
defined hvKp by PCR detection of all 5 biomarkers: rmpA,
rmpA2, iucA, iroB, and peg-344. Overall, hvKp accounted
for 14% (28/207) of episodes. Abscess complications oc-
curred in 61% (17/28) of hvKp episodes and 13% (23/179)
of classical K. pneumoniae episodes. hvKp case-patients

lebsiella pneumoniae is a leading cause of blood-

stream infection and was linked to ~790,000
deaths globally in 2019 (1). Classical K. pneumoniae
(cKp) predominantly causes infections in patients
with underlying or immunocompromising con-
ditions. Conversely, hypervirulent K. pneumoniae
(hvKp) can cause invasive, metastatic infections, in-
cluding liver abscess, endophthalmitis, and menin-
gitis, even in persons without underlying conditions
(2). Reports of hvKp acquiring carbapenem-resis-
tance genes triggered alerts from the World Health
Organization and European Centre for Disease Pre-
vention and Control, highlighting the need for reli-
able identification of this pathotype (3,4).

Definitions of hvKp vary across studies, but the
combination of 5 genotypic biomarkers (iucA, iroB,
peg-344, rmpA, and rmpA2) has demonstrated high di-
agnostic accuracy for identifying hvKp (5-7). Among
K. pneumoniae bloodstream infections, hvKp preva-
lence varies across geographic settings, from 4% in
the United States and Norway to 26% in Japan (8-
10). However, direct comparisons across studies are

Author affiliations: Hirosaki University Graduate School of Health
Sciences, Hirosaki, Japan (N. Watanabe, T. Matsumiya); Kameda
Medical Center, Kamogawa, Japan (T. Watari, Y. Otsuka)

DOI: https://doi.org/10.3201/eid3211.260825

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 32, No. 11, November 2026

had longer median hospitalization (28 vs. 14 days) and
duration of antimicrobial drug treatment (43 vs. 14 days)
than those with classical K. pneumoniae. Most (9/10)
sequence type 23 hvKp episodes involved abscesses.
Short-read whole-genome sequencing detected CTX-M—
type extended-spectrum B-lactamase genes in 11% (3/28)
of hvKp isolates, representing 1.4% (3/207) of all K. pneu-
moniae episodes. The 5-biomarker definition delineated
a clinically distinct subgroup, demonstrating its value for
genomic surveillance of emerging hvKp.

complicated by variations in hvKp definitions. More-
over, epidemiologic and clinical data specifically on
the basis of the 5-biomarker definition remain limited.
Consequently, whether 5 biomarker-defined hvKp
identifies a clinically and epidemiologically distinct
subgroup of bloodstream infections and whether its
effects differ across lineages remain unclear.

We conducted a retrospective cohort study at
a tertiary hospital in Japan to compare the clinical
characteristics of 5 biomarker-defined hvKp and
cKp bloodstream infections. The primary aim was to
determine whether 5 biomarker-defined hvKp was
more frequently associated with abscess complica-
tions. Secondary aims were to estimate post-disease
onset length of stay (LOS; i.e., hospitalization), total
antibiotic duration, and 30-day mortality risk. We also
summarized the lineage-specific genomic features of
hvKp isolates and assessed convergence between hy-
pervirulence and antimicrobial resistance.

Materials and Methods

Study Design and Data Collection

This single-center, retrospective cohort study was
conducted at Kameda Medical Center, a 907-bed ter-
tiary hospital in Kamogawa, Japan. We included con-
secutive patients from whom K. pneumoniae species
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complex was isolated in >1 set of blood cultures dur-
ing January 1, 2022-December 31, 2024. Patients with
bloodstream infections had routine consultations for
infectious diseases at the institution. For patients with
multiple bloodstream infection episodes, we includ-
ed only the first episode.

Of 290 unique episodes of K. pneumoniae species
complex bloodstream infections identified, we ex-
cluded 2 because clinical data were insufficient or no
stored isolate was available (Figure 1). We excluded
81 other episodes because species-level differentia-
tion by PCR (11) identified K. variicola or K. quasipneu-
moniae isolates. Thus, we had a total of 207 K. pneu-
moniae isolates for analysis.

We collected clinical and microbiological data
from electronic medical records and laboratory infor-
mation systems and recorded patient sex according
to medical records. We processed blood cultures by
using the BD BACTEC FX system (Becton, Dickinson
and Company, https:/ /www.bd.com) and performed
species identification by using a MALDI Biotyper
(Bruker Daltonics GmbH, https:/ /www.bruker.com)
for matrix-assisted laser desorption/time-of-flight
mass spectrometry. We used a Dry Plate Eiken (Eiken
Chemical Co., Ltd., https:/ /www.eiken.co.jp) to per-
form antimicrobial susceptibility testing by the broth
microdilution method. We tested for susceptibility to
the following antimicrobial agents: piperacillin, am-
picillin/sulbactam, amoxicillin/clavulanate, piper-
acillin/tazobactam, cefazolin, ceftriaxone, cefepime,
cefmetazole, imipenem, meropenem, aztreonam,

1856

gentamicin, tobramycin, amikacin, levofloxacin, cip-
rofloxacin, minocycline, and trimethoprim/sulfa-
methoxazole. We interpreted susceptibility results
according to Clinical and Laboratory Standards Insti-
tute standards (12). This study was approved by the
Research Ethics Committee of the Kameda Medical
Center (approval no. 25-016) with a waiver for in-
formed consent and an opt-out process.

Definitions

We classified isolates as hvKp or cKp according to
the 5-biomarker definition and assessed antimicro-
bial resistance phenotypes separately. We defined
hvKp as presence of all 5 genotypic biomarkers
(iucA, iroB, peg-344, rmpA, and rmpA2), as proposed
by others (5-7). We classified isolates that did not
meet the 5-biomarker definition as cKp. We per-
formed PCR-based screening by using previously
published primers for rmpA, rmpA2, iucA, iroB, and
peg-344 (5) (Appendix Table 1, https:/ /wwwnc.cdc.
gov/EID/article/32/11/26-0825-Appl.pdf). We
performed screening sequentially: first, we tested
for rmpA; then, we tested for the other markers only
in rmpA-positive isolates. We assigned the hvKp
classification retrospectively for study analyses; the
classification was not available to the treating clini-
cians during routine care.

We defined third-generation cephalosporin resis-
tance (3GCR) as nonsusceptibility to ceftriaxone and
multidrug resistance as nonsusceptibility to >1 agent
in >3 antimicrobial categories (13). We classified

Figure 1. Flow diagram of
episode inclusion in study of
5-biomarker definition for hvKp
bloodstream infection and
abscess complications, Japan,
2022-2024. Of 290 first episodes
of Klebsiella pneumoniae
complex bloodstream infection,
207 K. pneumoniae episodes
were included in the clinical
analysis. Whole-genome
sequencing was performed

on 164 isolates by using an
enriched sampling strategy
comprising all hvKp isolates, all
isolates with 1-4 biomarkers, all
3GCR isolates, and a random
sample of the cKp isolates with
overlap between categories.
3GCR, third-generation
cephalosporin—resistant; cKp,
classical K. pneumoniae; hvKp,
hypervirulent K. pneumoniae.
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infection onset as community-acquired if the index
blood culture was collected within 48 hours of ad-
mission without prior healthcare exposure. We clas-
sified all other episodes as healthcare-associated.
We calculated Charlson comorbidity index (CCI)
after excluding age points (14). We defined abscess
complications only on the basis of imaging findings
and excluded clinically suspected abscesses without
imaging confirmation. We defined metastatic infec-
tion as a secondary infectious focus anatomically
distinct from the presumed primary source of blood-
stream infection, including abscesses and nonsup-
purative manifestations, such as endophthalmitis.
We defined post-disease onset LOS as the number
of days from index blood culture collection to hospi-
tal discharge or transfer. We determined total antibi-
otic duration as the total number of days of antimi-
crobial therapy for a bloodstream infection episode
and its complications, including oral therapy after
discharge (Appendix).

Whole-Genome Sequencing

We performed whole-genome sequencing (WGS) on
a subset of isolates selected to maximize representa-
tion of biomarker-positive and antimicrobial-resistant
isolates within the available sequencing budget. The
sequenced subset comprised 164 isolates, which in-
cluded all hvKp isolates (n = 28), a random sample of
cKp isolates (n =125), additional cKp isolates selected
to ensure complete representation of isolates with 1-4
positive biomarkers (n = 8), and 3GCR isolates (n =
31). Selection categories overlapped.

We performed short-read sequencing on a Nova-
Seq X Plus platform (Illumina, https://www.illumina.
com) and used Unicycler (15) to perform de novo as-
sembly. We assessed assembly quality by using QUAST
and CheckM2 with predefined quality criteria (16,17).

We performed multilocus sequence typing, cap-
sular locus typing, virulence gene profiling, and viru-
lence scoring by using Kleborate version 3.2.4 outputs
provided by Pathogenwatch (18,19). We additionally
used AMRFinderPlus to evaluate pB-lactam resistance
determinants (20). We inferred a recombination-fil-
tered core-genome single-nucleotide polymorphism
(SNP) phylogeny by using Snippy (https://github.
com/tseemann/snippy) to map reads to the K. pneu-
moniae NTUH-K2044 reference genome (GenBank
accession no. AP006725.1), removed recombinant
regions with Gubbins (21), and constructed a max-
imume-likelihood tree with IQ-TREE (22). We calcu-
lated pairwise SNP differences within selected lin-
eages from the recombination-filtered core-genome
SNP alignment. For hvKp isolates carrying extended-
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spectrum [-lactamase (ESBL) genes, we performed
contig-level analysis to assess the genomic context of
resistance and virulence determinants (Appendix).

Statistical Analysis

We used EZR version 1.70 (23) for statistical analy-
ses. We compared continuous variables by using the
Mann-Whitney U test and categorical variables by us-
ing Fisher exact tests. All tests were 2-sided, and we
considered p<0.05 statistically significant.

We selected a priori covariates as baseline con-
founders on the basis of clinical relevance and con-
strained the number of covariates by the number of
outcome events to avoid overfitting. We used multi-
variable logistic regression to evaluate abscess com-
plications and adjusted for age, sex, and CCI. For 30-
day mortality risk, we used Firth’s penalized logistic
regression, adjusted for age and CCI because the
number of death events was limited relative to the
number of candidate covariates (24).

For LOS and antibiotic duration, we fitted 2 se-
quential models: model A estimated the overall as-
sociation of hvKp with each outcome, and model B
included abscess complications to assess attenuation.
We analyzed LOS as In(LOS + 1) by using multivari-
able linear regression and exponentiated coefficients
to report adjusted ratios with 95% Cls. We also ana-
lyzed total antibiotic duration among the treatment
completers, using multivariable linear regression to
analyze duration after log transformation. For both
models, we used a common base adjustment set com-
prising age, sex, CCl, and infection acquisition cat-
egory. For antibiotic duration, we also included the
primary infection source because treatment duration
was strongly influenced by the infectious syndrome
and source-control requirements. For each outcome,
we excluded episodes that had missing data from the
corresponding analysis (Appendix).

As a prespecified exploratory analysis, we strati-
fied outcomes by biomarker counts of 0, 1-4, or all
5. We descriptively summarized genomic features of
the hvKp isolates, including lineage, capsule type,
and virulence plasmid structure, rather than formally
comparing across lineages.

Results

Patient Characteristics

Among 207 K. pneumoniae bloodstream infection epi-
sodes, 28 (14% [95% CI 9%-19%]) were classified as
hvKp and 179 (86% [95% CI 81%-91%]) as cKp (Table
1, Appendix Table 2). The median age was similar
between the 2 groups: hvKp median patient age was
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Table 1. Baseline characteristics of 207 patients with hypervirulent and classical Klebsiella pneumoniae bloodstream infections in a

study of five-biomarker definition for hvKp, Japan, 2022—2024*

Characteristics hvKp, n =28 cKp, n =179 p valuet
Demographic characteristics
Median age, y (IQR) 76 (71-81) 78 (69-85) 0.64
Sex
M 21 (75) 108 (60) 0.15
F 7 (25) 71 (40)
Median body mass index (IQR), n = 201 21 (20-23) 20 (18-24) 0.65
Underlying conditions
Median CClI score (IQR) 2 (1-4) 3 (2-5) 0.15
Diabetes, any 9(32) 62 (35) >0.99
Chronic kidney disease 3 (11) 23 (13) >0.99
Liver disease 1(4) 9 (5) >0.99
Solid tumor 8 (29) 64 (36) 0.53
Healthcare exposure
Indwelling device 12 (43) 114 (64) 0.04
Recent hospitalization 12 (43) 112 (63) 0.06
Prior antibiotic exposure 9 (32) 99 (55) 0.02
Infection characteristics
Onset classification 0.30
Healthcare-associated 15 (54) 114 (64)
Community-acquired 13 (46) 65 (36)
Primary source of infection 0.03
Urinary tract 7 (25) 37 (21)
Catheter-related 0(0.0) 5(3)
Intraabdominal 13 (46) 83 (46)
Respiratory 4 (14) 5(3)
Other 1(4) 1(<1)
Unknown 3(11) 48 (27)
Microbiological characteristics
Multidrug resistance 3(11) 53 (30) 0.04
Polymicrobial bloodstream infection 3(11) 42 (23) 0.15

*Values are no. (%) except as indicated. CCI, Charlson comorbidity index; cKp, classical K. pneumoniae; hvKp, hypervirulent K. pneumoniae; 1QR,

interquartile range.

1p values were calculated using Fisher exact test for categorical variables and Mann—-Whitney U test for continuous variables and were provided for

descriptive purposes.

76 (interquartile range [IQR] 71-81) years, and cKp
median patient age was 78 (IQR 69-85) years. In the
hvKp group, 75% (21/28) of patients were male and
25% (7/28) were female, whereas the cKp group com-
prised 60% (108/179) male and 40% (71/179) female
patients. Patients with hvKp had fewer underlying
conditions; 57% (16/28) had CCI scores >2 compared
with 80% (143/179) of the cKp group. Patients with
hvKp also less frequently had markers of healthcare
exposure than the cKp group, including indwelling
devices (43% [12/28] vs. 64% [114/179]) and prior an-
timicrobial drug use (32% [9/28] vs. 55% [99/179]).
Primary infection sources were broadly simi-
lar between the groups, although respiratory infec-
tion was more frequent in the hvKp group and un-
known source was more frequently reported for the
cKp group. However, respiratory infection remained
uncommon, accounting for only 4% (9/207) of epi-
sodes. Polymicrobial bloodstream infection was less
frequent among hvKp episodes than among cKp epi-
sodes (11% [3/28] vs. 23% [42/179]). Multidrug resis-
tance was less common in the hvKp group than in the
cKp group (11% [3/28] vs. 30% [53/179]) (Appendix
Table 3). Appropriate empiric antimicrobial therapy
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was administered in 27 (96%) of the hvKp episodes
and 151 (84%) of the cKp episodes. We compiled data
and population analyses (Appendix Table 4).

Abscess Complications
Abscess complications occurred in 40 (19%) K. pneu-
moniae episodes, among which 23 (58%) were cKp
and 17 (42%) were hvKp according to the 5-biomark-
er definition. The within-group frequency of abscess
complications was 61% (95% CI 41%-79%) in hvKp
episodes and 13% (95% CI 8%-19%) in cKp episodes
(Table 2). Among episodes with abscess complica-
tions, polymicrobial bloodstream infection was ob-
served in 12% (2/17) of hvKp episodes and 26%
(6/23) of cKp episodes. In the multivariable logistic
regression analysis, hvKp was independently associ-
ated with abscess complications (adjusted odds ratio
[aOR] 10.7 [95% CI 4.4-26.2]) (Appendix Table 5).
The most common hvKp abscess site was the liv-
er (32% [9/28], compared with 7% [12/179] in cKp
infections), and hvKp also more frequently involved
abscesses at other sites than cKp infections (39%
[11/28] vs. 7% [12/179]). Extrahepatic sites included
urogenital, intraabdominal, central nervous system,
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Table 2. Clinical outcomes and adjusted associations among Klebsiella pneumoniae bloodstream infection patients in a study of 5-
biomarker definition for hvKp bloodstream infection and abscess complications, Japan, 2022—-2024*

Estimate (95% CI)t

Clinical outcome hvKp,n=28 cKp,n=179 Total no. Crude Adjusted
Any abscess complication 17 (61) 23 (13) 207 (100) 10.5(4.4-25.2) 10.7 (4.4-26.2)
Liver abscess 9(32) 12 (7) 207 (100) - -
Other abscess sitest 11 (39) 12 (7) 207 (100) - -
Metastatic infection 4 (14) 1(<1) 207 (100) - -
Median postonset hospitalization, d (IQR)8# 28 (14-42) 14 (11-18) 206 (99.5) 1.6 (1.2-2.2) Model A, 1.6 (1.2-2.2)
Model B, 1.1 (0.8-1.5)
Median antibiotic duration, d (IQR)#1T 43 (16-67) 14 (14-18) 168 (81) 2.1 (1.6-2.7) Model A, 2.1 (1.6-2.8)
Model B, 1.2 (1.0-1.5)
30-d mortality rate, deaths/no. 4/27 (15) 34/170 (20) 197 (95) 0.8 (0.2-2.1) 0.9 (0.3-2.4)

*Data are no. (%) or median (IQR) unless otherwise indicated. Adjusted estimate is shown only for prespecified primary, secondary, and supportive
outcomes. Liver abscess, other abscess sites, and metastatic infection are presented descriptively and were not modeled separately. cKp, classical K.
pneumoniae; hvKp, hypervirulent K. pneumoniae; IQR, interquartile range.

tEstimates are odds ratios for abscess complications and 30-day mortality, and ratios for length of hospitalization and antibiotic duration. Adjusted
estimates for abscess complication were derived from multivariable logistic regression adjusted for age, sex, and Charlson comorbidity index (CCl); for
post—disease onset length of stay, from multivariable linear regression of In(length of stay + 1) adjusted for age, sex, CCl, and infection acquisition
category; for total antibiotic duration, from multivariable linear regression of log-transformed duration among treatment completers adjusted for age, sex,
CCl, infection acquisition category, and primary infection source; and for 30-d mortality, from Firth penalized logistic regression adjusted for age and CCI.
$Other abscess sites included pelvic or intra-abdominal abscess, lung abscess or necrotizing pneumonia, prostatic abscess, endophthalmitis, central
nervous system abscess, and musculoskeletal or soft tissue infection; episodes may have had >1 site.

§Post—disease onset length of stay was defined as days from index blood culture collection to hospital discharge or interhospital transfer. If hospitalization
continued for reasons judged unrelated to the bloodstream infection, follow-up was censored at the end of the bloodstream infection-directed therapy.
Episodes ending in in-hospital death were included, with length of stay calculated up to the date of death.

#Model A indicates the base-adjusted model and model B indicates the model additionally adjusted for the development of an abscess complication.
T1Total antibiotic duration was analyzed among treatment completers.

pulmonary, musculoskeletal, and ocular locations, LOS, Antibiotic Duration, and 30-Day Mortality Risk

some of which exclusively occurred in hvKp (Ap-
pendix Table 2). We identified metastatic infection
in 14% (4/28) of hvKp and <1% (1/179) of cKp
episodes. Abscess complication rates rose with the
number of biomarkers, occurring in 12% (21/171)
of the 0-marker group, 25% (2/8) of the 1-4-marker
group, and 61% (17/28) of the 5-marker group (Fig-
ure 2; Appendix Table 6).
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Among 207 episodes, 206 (28 hvKp and 178 cKp)
had post-disease onset LOS data available. LOS was
longer for the hvKp group (median 28 [IQR 14-42]
days) than for the cKp group (14 [IQR 11-18] days).
For antibiotic duration, we excluded 39 episodes,
primarily because of patient death before treatment
completion. Among the 168 (24 hvKp and 144 cKp)
patients who completed treatment, the total antibiotic

Figure 2. Abscess complications
among 207 episodes of
Klebsiella pneumoniae
bloodstream infection by
biomarker group in study of
hypervirulent K. pneumoniae,
Japan, 2022—-2024. Stacked
bars show mutually exclusive
categories of liver abscess

only, nonhepatic abscess only,
and both liver and nonhepatic
abscesses. Bar height
represents the percentage of
episodes with any abscess
complication; numbers within
colored bar segments indicate
case counts. Case counts and
percentages are provided below
each bar.
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duration was longer in the hvKp group (median 43
[IQOR 16-67] days) than in the cKp group (median 14
[IQR 14-18] days). In the adjusted analyses, hvKp
was associated with longer LOS (adjusted ratio 1.6
[95% CI1.2-2.2]) and antibiotic duration (adjusted ra-
tio 2.1 [95% CI 1.6-2.8]) (Appendix Tables 7, 8). Those
associations were attenuated after additional adjust-
ment for abscess complication (LOS adjusted ratio 1.1
[95% CI0.8-1.5]; antibiotic duration adjusted ratio 1.2
[95% CI11.0-1.5]). The prespecified threshold analyses
of prolonged antibiotic duration aligned with those
findings (Appendix Table 9).

The 30-day mortality rate was 15% (95% CI 4%-
34%) in the hvKp group and 20% (95% CI114%-27%) in
the cKp group; we excluded episodes with unknown
vital status. In the adjusted analyses, the aOR was
0.9 (95% CI 0.3-2.4) for 30-day mortality associated
with hvKp (Appendix Table 10). Intensive care unit
admission rates were 18% (5/28) in the hvKp group
and 14% (25/179) in the cKp group. Vasopressor use
was 25% (7/28) in the hvKp group and 28% (51/179)
in the cKp group. Mechanical ventilation was more
frequent in the hvKp group (14% [4/28]) compared
with the cKp group (3% [5/179]); nonetheless, we did
not perform an adjusted analysis on those categories
because so few events were recorded.

Genomic Characteristics and

Lineage-Specific Findings

We performed WGS on 164 isolates, including 28
hvKp and 136 cKp isolates. All assemblies met pre-
defined quality criteria. Patient clinical characteris-
tics were similar between those with randomly sam-
pled cKp isolates (n = 125) and those cKp isolates not
included in the random sample (n = 54), except for
the distribution of primary infection sources (Ap-
pendix Tables 11, 12). Kleborate virulence scores,
based on key virulence loci (19), were >3 in all 28
sequenced hvKp isolates: 7 had a score of 3; 6 had
a score of 4; and 15 had a score of 5. Among se-
quenced cKp isolates, 98% (133/136) had scores of
0-2, whereas 3 had a score of 4 despite not meeting
the 5-biomarker definition.

We analyzed sequence type (ST) and capsule
synthesis locus (K-locus [KL]) distributions among
isolates (Appendix Tables 13, 14). Among hvKp iso-
lates, predominant lineages were ST23/KL1 (36%,
10/28) and ST65/KL2 (29%, 8/28) (Figure 3), within
which pairwise SNP differences ranged from 36 to
359 among the 10 ST23/KL1 isolates and from 132 to
432 among the 8 ST65/KL2 isolates (Appendix Fig-
ure). Other hvKp lineages included ST412/KL57 ac-
counting for 14% (4/28) and ST86/KL2 accounting
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for 7% (2/28) of hvKp isolates. Randomly sampled
cKp isolates comprised 75 sequence types, most
commonly ST37 (8%, 10/125) and ST45 (7%, 9/125).
Among the 3GCR isolates, 3 lineages predominated:
ST307/KL102 (26%, 8/31), ST37/KL15 (23%, 7/31),
and ST353/KL110 (23%, 7/31).

STs commonly associated with hvKp were un-
common among 136 sequenced cKp isolates; ST23/
KL1 and ST65/KL2 were each detected in 1 isolate,
and ST86 was not detected. Both ST23/KL1 and
ST65/KL2 cKp isolates were in the 1-4 biomarker
group and carried 3 of the 5 biomarkers, rmpA, iroB,
and peg-344.

Abscess complication rates among hvKp epi-
sodes differed by lineage (Table 3): 9/10 (90%) in
ST23/KL1, 5/8 (63%) in ST65/KL2, and 1/4 (25%)
in ST412/KL57. We also observed genomic differ-
ences across hvKp lineages. ST23/KL1 isolates uni-
formly carried intact K. pneumoniae virulence plasmid
1 (KpVP-1) and yersiniabactin, whereas most (88%,
7/8) ST65/KL2 isolates had KpVP-1 truncation.

We identified ESBL genes in 11% (3/28) of hvKp
episodes, representing 1.4% (3/207) of all K. pneu-
moniae bloodstream infection episodes. Two episodes
involved ST412/KL57 isolates harboring bla ., .-
those isolates differed by 23 recombination-filtered
core-genome SNPs and were isolated in 2023 and 2024.
The third episode involved an ST893/KL20 isolate
carrying bla_, ,, ... All 3 convergence episodes were
healthcare-associated, and none resulted in death. In
all 3 isolates, the bla_, ,, gene was located on a contig
assigned to a putative plasmid cluster, separate from
the contigs carrying virulence-associated sequences
(Appendix). We did not detect any carbapenemase
genes among the 164 sequenced isolates.

Discussion

In this retrospective cohort of 207 K. pneumoniae
bloodstream infection episodes, we identified 28
(14%) hvKp episodes by using the 5-biomarker defi-
nition. Those episodes were characterized by frequent
abscess complications and prolonged hospitalization
and antibiotic treatment. WGS revealed genomic het-
erogeneity within hvKp and lineage-specific differ-
ences in abscess frequency.

The 14% prevalence of hvKp in this cohort was
lower than that reported from Japan (10) but was
higher than that reported in the United States and
Norway (9,25). Those differences likely reflect both
the epidemiologic setting and variability in hvKp
definitions across studies. Broader definitions on the
basis of a subset of biomarkers might classify isolates
in the 1-4-marker group as hvKp, thereby yielding
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higher prevalence estimates than the 5-marker defini-
tion used in this study. In this cohort, abscess compli-
cation rates rose across biomarker strata, from 12% in
the 0-marker group to 25% in the 1-4-marker group
and 61% in the 5-marker group. That gradient aligns
with studies reporting that requiring all 5 biomarkers
provides greater accuracy for identifying hvKp than
lower thresholds (6). Therefore, isolates positive for
1-4 markers might be better considered an intermedi-
ate group rather than definitively considered hvKp.
The 5-biomarker definition identified an abscess-
prone subgroup of K. pneumoniae bloodstream in-
fections. However, 58% of abscess complications
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occurred in cKp episodes. That finding underscores
that the 5-biomarker definition identifies a subgroup
at increased risk for abscess complications rather than
a criterion intended to capture all abscess complica-
tions. Although the observed 30-day mortality risk
was not higher in hvKp than cKp episodes, that dif-
ference should not be interpreted as evidence that
hvKp imposes no clinically meaningful burden. Rath-
er, the burden was reflected in longer hospitaliza-
tion and antibiotic treatment. The discrepancy with
prior reports of increased early hvKp mortality (26)
might be explained by differences in infection-source
composition. In our cohort, respiratory infections,

Figure 3. Maximum-likelihood
phylogeny of 164 isolates

from study of 5-biomarker
definition for hypervirulent
Klebsiella pneumoniae
bloodstream infection and
abscess complications, Japan,
2022-2024. The tree was
inferred from a recombination-
filtered core genome single-
nucleotide polymorphism
alignment. Annotation tracks
indicate the ST, KL capsule
type, biomarker group, abscess
complication, and ESBL
status. Scale bar indicates
nucleotide substitutions per
site. ESBL, extended-spectrum
B-lactamase; KL, K-locus; ST,
sequence type.
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Table 3. Lineage-specific genomic and clinical features of hypervirulent Klebsiella pneumoniae isolates from cases of bloodstream

infection and abscess complications, Japan, 2022—2024*

Lineage No. isolates K-locus KpVP-1 intact ybt-positive ESBL-positive HAI Abscess
ST23 10 KL1 10 (100) 10 (100) 0 2 (20) 9 (90)
ST65 8 KL2 1(13) 3(38) 0 5 (63) 5 (63)
ST412 4 KL57 2 (50) 2 (50) 2 (50) 3 (75) 1 (25)
ST86 2 KL2 2 (100) 2 (100) 0 1 (50) 1 (50)
Othert 4 KL1, KL20, KL54 4 (100) 4 (100) 1 (25) 4 (100) 1 (25)

*Values are no. (%) except as indicated. ESBL, extended-spectrum B-lactamase; HAI, healthcare-associated infection; KpVP-1, K. pneumoniae virulence

plasmid 1; ST, sequence type; ybt, yersiniabactin locus.

TOther lineages included ST268 (n = 1), ST29 (n = 1), ST893 (n = 1), and a single-locus variant of ST23 (n = 1).

previously associated with poor outcomes in K.
pneumoniae bloodstream infection (8), accounted for
only 4% of episodes. Mortality rates for hvKp might
depend on clinical setting and source distribution,
whereas abscess-associated treatment burden might
occur even in the absence of higher mortality rates.

The clinical and public health challenges posed
by K. pneumoniae bloodstream infections vary with the
local prevalence of hvKp. In a cohort from the United
States, where hvKp is rare, resistance to the initial
prescribed antibiotic was an independent predictor of
in-hospital death (8). In our analysis, antimicrobial re-
sistance remained a concern for cKp, which account-
ed for 86% of episodes and had a higher multidrug-
resistance rate than hvKp. Conversely, hvKp isolates
were generally susceptible to standard empiric agents
but were associated with abscess complications and
prolonged care. Those findings suggest that manage-
ment priorities could differ between subgroups: cKp
warrants attention to antimicrobial resistance, where-
as hvKp might warrant careful evaluation for abscess
complications and source control. Thus, awareness
of local epidemiology could help align management
strategies with the dominant clinical burden of K.
pneumoniae bloodstream infection.

Beyond the clinical burden of hvKp bloodstream
infection, clinically accessible diagnostic tests and
ongoing genomic surveillance remain priorities. Cur-
rently, the 5-biomarker PCR for hvKp is a research
tool, and no commercial assay is available for routine
clinical use (5,7). Although such assays could be de-
veloped on existing PCR platforms (27), they have
not yet been validated in clinical laboratories (7).
Distinguishing hvKp from cKp could enable abscess
evaluation and source control. Another concern is the
genomic convergence of hypervirulence and antimi-
crobial resistance (3). A US multicenter study found
that 0.7% of carbapenem-resistant K. pneumoniae iso-
lates harbored a virulence plasmid (28). Although we
did not identify carbapenemase-producing isolates in
our cohort, 11% (3/28) of hvKp episodes were ESBL-
producing, corresponding to 1.4% (3/207) of all K.
pneumoniae bloodstream infection episodes studied.
In all 3 ESBL-producing hvKp isolates, bla_, ,, genes
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were carried on plasmid contigs separate from the
virulence-associated sequences, suggesting indepen-
dent acquisition. Collectively, those findings support
the need for clinically accessible hvKp diagnostic
tools and continued genomic surveillance to monitor
the convergence of hypervirulence and antimicrobial
resistance.

The first limitation of this study is that the ret-
rospective design at a single tertiary hospital might
limit the generalizability of our findings. Second, ab-
scess imaging was performed at the discretion of the
treating clinicians without a standardized study pro-
tocol, and imaging-frequency data were unavailable.
Because hvKp episodes might more frequently have
features prompting cross-sectional imaging, differen-
tial ascertainment of abscess complications cannot be
excluded and could have contributed to the observed
intergroup differences in abscess rates. Neverthe-
less, the large effect size and descriptive gradient in
abscess frequency across biomarker strata suggest
that ascertainment bias alone is unlikely to fully ac-
count for the observed association. Third, the number
of hvKp episodes was small, limiting the statistical
power of some comparisons, including 30-day mor-
tality rate. Fourth, WGS was performed on 164 of 207
isolates. The clinical characteristics were similar be-
tween randomly sampled cKp isolates and those not
included in the random sample; however, residual
selection bias cannot be ruled out. Despite those limi-
tations, the consecutive case design in a tertiary care
setting with routine infectious diseases consultation
might have enabled characterization of the clinical
burden of abscesses in this cohort.

In conclusion, we identified 5-biomarker-defined
hvKp as a clinically and epidemiologically distinct
subgroup of K. pneumoniae bloodstream infection
characterized by frequent abscess complications and
prolonged care in a tertiary-care cohort in Japan. The
clinical burden differed between groups, with ab-
scess-prone disease in hvKp and greater antimicrobial
resistance in cKp. Those findings suggest that clinical
management should be informed by local epidemiol-
ogy and support the need for continued surveillance
of hvKp and cKp in bloodstream infections.
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EID Podcast A Worm’s Eye View

Seeing a several-centimeters-long worm traversing the conjunc-

tiva of an eye is often the moment when many people realize
they are infected with Loa loa, commonly called the African eye-
worm, a parasitic nematode that migrates throughout the subcu-
taneous and connective tissues of infected persons. Infection with
this worm is called loiasis and is typically diagnosed either by the
worm’s appearance in the eye or by a history of localized Calabar
swellings, named for the coastal Nigerian town where that symp-
tom was initially observed among infected persons. Endemic to
a large region of the western and central African rainforests, the
Loa loa microfilariae are passed to humans primarily from bites
by flies from two species of the genus Chrysops, C. silacea and
C. dimidiate. The more than 29 million people who live in affected
areas of Central and West Africa are potentially at risk of loiasis.

Ben Taylor, cover artist for the August 2018 issue of EID, discusses
how his personal experience with the Loa loa parasite influenced

this painting.

Visit our website to listen:
https://tools.cdc.gov/

medialibrary/Zindex.aspx#/
media/id/392605
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Pediatric Deaths during
Measles Outbreak,
Jerusalem, Israel, 2025—-2026

Zohar Mor, Hanna Shoob, Irinia Sokolov, Efrat Bucris,
Chen Stein-Zamir, Ariel Tenenbaum, Orli Megged,' Oren Gordon'

Of 1,289 measles case-patients during April 2025—March
2026 in Jerusalem, Israel, 11 children died, a measles-
specific mortality rate of 1.1 deaths/100,000 population.
The measles-specific mortality rate among children <5
years of age was 7.7 deaths/100,000 population but 80.1
deaths/100,000 population in 6 neighborhoods popu-
lated by ultraorthodox Jews, a 47% measles-attributed
death fraction.

n the United States, 2-3 deaths occur for every

1,000 reported measles cases (https://www.cdc.
gov/surv-manual/ php/table-of-contents/chapter-7-
measles.html), a case-fatality rate (CFR) of 0.2%-0.3%.
Overall, measles CFR is 0.3%-5.3% in low- and mid-
dle-income countries (1). The measles-specific mor-
tality rate (MSMR) ranges from 0.04 deaths/100,000
population in Europe to 2.2 deaths/100,000 popula-
tion in Africa (2). Immunosuppressed persons, mal-
nourished persons, and children <5 years of age are
at higher risk for death from measles (3).

The previous outbreak in Israel occurred dur-
ing 2018-2019, during which 4,290 cases were re-
ported (4). Of those cases, a total of 1,415 (33.0%)
were in persons living in the city of Jerusalem (5,6),
and 2 fatalities were reported (CFR 0.14%; MSMR 0.2
deaths/100,000 Jerusalem population). Jerusalem is
the largest city in Israel, having a population of ~1
million in 2025 (10.2% of the population of Israel),
comprising ~600,000 (62%) Jewish and ~400,000 (38 %)
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Arab persons (7). Of the Jewish population, ~50.0%
(=300,000) were ultraorthodox religious Jews.

Coverage with the first measles, mumps, and ru-
bella (MMR) and measles, mumps, rubella, and vari-
cella (MMRYV) vaccines among children 1-6 years of
age in Jerusalem has decreased from 94.7% in 2019
to 78.3% in 2024 and is the lowest in Israel (https://
datadashboard.health.gov.il/ portal /dashboard/
serviceQuality). Substantial geographic and ethno-
cultural differences exist across the city; coverage in
April 2025 ranged from 99.4% among East Jerusalem
Arab children to =55.0% in 6 designated neighbor-
hoods (the 6 neighborhoods) in central Jerusalem,
which has a population of ~67,500, mostly ultraortho-
dox Jews.

We describe measles disease and death in Jeru-
salem during April 2025-March 2026. We also iden-
tify contributing factors to the unexpectedly elevated
mortality rate.

The Study

We determined measles diagnosis by using reverse
transcription PCR of pharyngeal or urine specimens
or by a combination of clinical symptoms and epide-
miologic linkage to another measles case (https://
www.gov.il/BlobFolder/ policy/epi-92335924 /he/
files_regulation_epidemiology_epi-92335924.pdf).
We sequenced samples by using Sanger or next-gen-
eration sequencing at the Ministry of Health’s Central
Virology Laboratory. We conducted epidemiologic
investigations on all cases to identify the source of ex-
posure and define close contacts.

We calculated acute-phase measles mortal-
ity rates for all cases reported to surveillance teams
during the 2025-2026 outbreak, expressing results
as CFR and by MSMR because not all incident cas-
es were reported. We calculated CFR by dividing

"These authors contributed equally to this article.

1865



DISPATCHES

measles-related deaths by all reported measles cases
in a designated area, and calculated MSMR by divid-
ing measles-related deaths by the total population in
the designated area (Appendix, https:/ /wwwnc.cdc.
gov/EID/article/32/11/26-1397-Appl.pdf).

During April 2025-March 2026, a total of 1,289
measles cases (129.2 cases/100,000 Jerusalem pop-
ulation) were reported in Jerusalem, comprising
36.1% of the total 3,574 cases reported in Israel (36.6
cases/100,000 Israel population). The median age
of case-patients in Jerusalem was 3.1 (interquartile
range [IQR] 1.5-5.4) years. Of all case-patients, 70.7%
(912/1,289) were children <5 years of age. Median
household size was 6 (IQR 5-8) persons, and 870
(95.4%) were unvaccinated for measles, whereas 42
(4.6%) received a vaccine single-dose. Most (885/1,289
[68.7%]) case-patients resided in the 6 neighborhoods,
home to 6.8% of Jerusalem’s <5-year-old population,
but 71.9% of <5-year-old case-patients in Jerusalem
were reported in the 6 neighborhoods.

Of all 1,289 case-patients in Jerusalem, 11 died
(64.7% of the 17 total deaths reported in Israel), yield-
inga CFR of 0.85% and an MSMR of 1.1 deaths /100,000
population (Table 1, Figure). The MSMR among chil-
dren <5 years of age was 7.7 deaths /100,000 popula-
tion in Jerusalem compared with 0.5 deaths/100,000
population in the rest of Israel. The MSMR among
children <5 years of age in the 6 neighborhoods was
80.1 deaths/100,000 population, and the measles-at-
tributed mortality fraction in that area compared with
all-cause deaths during the previous year was 47 %.

The median age of children who died was
1.4 (IQR 1.1-2.5) years; 8 (72.7%) were boys and
3 (27.3%) were girls (Table 2). Ten of the children

were otherwise healthy; 9 of those were <3 years
of age, had not received any vaccinations, and
were not registered in the mother-and-child health
clinics. One 7-year-old child who died had known
truncus arteriosus and was vaccinated with a single
MMRYV dose at 1 year of age, but did not receive the
second dose.

Analysis of the N450 region of the measles genome
confirmed that 2 available samples from deceased
children belonged to genotype B3. Those sequences
matched the B3-named strain MVs/Quetta.PAK/44.20
(distinct sequence identifier 6418), which circulated in
previous measles outbreaks in Europe (8,9).

The median household size of case-patients who
died was 7 (IQR 6-11) persons, and 1-3 other family
members reportedly had measles. Reverse transcrip-
tion PCR-based diagnosis was confirmed in 9 (81.8%)
children who died (Table 3), whereas 2 had clinical
signs of measles and epidemiologic links. The me-
dian time from the first measles symptom (fever or
rash) to emergency department (ED) visit was 8 (IQR
6-14) days, and death was reported within 15 (IQR
9-24) days. Six children were dead on arrival at the
ED, and 5 children were hospitalized for a median
of 21 (IQR 11-32) days; of those, 3 were treated with
extracorporeal membrane oxygenation. Eight (72.7%)
case-patients had radiologic findings indicative of
pneumonia on chest radiograph at admission, and 6
case-patients had positive blood cultures

One limitation of our study is the uncertainty
about the actual number of measles cases in Jerusalem.
A back-calculation based on the 11 observed measles
death in Jerusalem and CFR estimates of 0.1%-0.3%
in developed countries (https://www.ecdc.europa.

Table 1. Age-specific number of measles cases, number of measles-specific deaths, and case-fatality rates during measles outbreak,

Jerusalem, Israel, April 2025—March 2026*

Characteristics Jerusalem Six neighborhoods in central Jerusalem
Total population, no. 997,870 67,530
No. reported cases of measles (measles cases/100,000 population)
All reported measles cases 1,289 (129.2) 885 (1,310)
0-1y 193 (825) 118 (5,254)
<5y 912 (780) 656 (5,842)
5-9y 272 (251) 193 (2,234)
<10y 1,184 (525.4) 849 (4,273)
No. reported measles deaths (measles-specific deaths/100,000 population)
All reported measles cases 11 (1.1) 11 (16.3)
0-ly 1(4.3) 1 (44.5)
<5y 9(7.7) 9(80.1)
5-9y 2(1.8) 2(23.1)
<10y 11 (4.9) 11 (55.3)
Case-fatality rate, %
All reported measles cases 0.85 1.2
0-1ly 0.85
<5y 1.4
59y 1.0
<10y 1.3

*Age groups may overlap.
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Figure. Number of reported
measles cases and deaths, by
month of illness onset, during
measles outbreak, Jerusalem,
Israel, April 2025-March
2026. Number of deaths per
area and month are included.

eu/sites/default/files/documents/ MEAS-AER-
2024-Report.pdf; https://www.cdc.gov/surv-man-
ual/php/table-of-contents/chapter-7-measles.html)
suggest that the actual number of measles cases might
have been substantially higher than the number re-
ported in Jerusalem. Because of the possible underas-
certainment, we added an MSMR calculation, which
is more stable and population-based. In addition, we
only calculated acute measles deaths, not long-term
mortality rates.

Conclusions

The reported 2025-2026 measles disease rate in Je-
rusalem was 129.2 cases/100,000 population, which
was 15 times higher than in the rest of Israel. CFR
was 0.85% in Jerusalem and 0.26% in the rest of
Israel, higher than the 0.1% reported in Europe
(https:/ /www.ecdc.europa.eu/sites/default/files/
documents/MEAS-AER-2024-Report.pdf;  https://
measles-rubella-monthly.ecdc.europa.eu) and 0.2%-

0.3% in the United States (https://www.cdc.gov/
measles/ data-research/index.html). The high MSMR
among children <5 years of age also might reflect the
overwhelming effect of the outbreak, which caused
80.1 deaths/100,000 children in the 6 neighborhoods
in Jerusalem.

Prevention through vaccination is the mainstay
in controlling measles outbreaks. Given the measles
first-vaccine coverage of 55% in the 6 neighborhoods
at the beginning of the outbreak, combined with MMR
vaccine efficacy of 95% at 12 months (3), an estimated
47.7% of infants in each birth cohort were unprotected
against measles. The young age of the unvaccinated
measles case-patients, in addition to overcrowding
and the presence of other sick household members,
increased domestic measles transmission because of
higher in-house viral inoculum and repeated expo-
sures (10). In response, the Ministry of Health recom-
mended MMR vaccine in Jerusalem at 6 months be-
cause maternal antibodies wane over time (3).

Table 2. Demographic and other characteristics of children who died during measles outbreak, Jerusalem, Israel, April 2025—

March 2026*

No. measles No. household Other No. ill household Days from first Days from first
Case Age, y/sex vaccine doses members vaccinations members symptom to ED visit  symptom to death
1 2.4/M 0 10 None 2 9 27t
2 0.9/F 0 4 None 2 1 59t
3 1.3/M 0 7 None 1 8 38
4 1.3/M 0 12 None 1 15 15%
5 1.4/M 0 14 None 1 19 19%
6 1.9/M 0 6 None 2 7 7%
7 2.5/F 0 10 None 1 4 15t
8 7.1M 1 7 Partial 2 14 14%
9 1.1/M 0 11 None 2 8 15
10 1.1/M 0 5 None 3 9 of
11 6.5/F 0 7 Partial 2 7 7%

*ED, emergency department.
TPatient received extracorporeal membrane oxygenation.
fPatient dead on arrival at ED.
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Table 3. Laboratory and clinical characteristics of children who died during measles outbreak, Jerusalem, Israel, April 2025—March

2026*
Measles Respiratory aspirate or
RT-PCR Koplik Pneumonia on Blood pleural fluid culture

Case result Fever Rash Cough Conjunctivitis spots chest x-ray culture findings findings

1 + Y Y N N N Y Staphylococcus -

pneumoniae

2 + Y Y Y Y Y - -

3 + Y Y Y Y Y Y - -

4 NA Y Y Y N N Y MSSA -

5 NA Y Y Y N N Y S. pyogenes S. pyogenes

6 + Y Y Y N N N MSSA and Haemophilus -

influenzae (non-B)

7 + Y Y Y Y Y Y - MSSA and S. pyogenes

8 + Y Y N N N - -

9 + Y Y Y Y Y Y - MSSA

10 + Y Y N N N N S. pneumoniae —

11 + Y Y N N N Y S. pettenkoferi -

*MSSA, methicillin-susceptible Staphylococcus aureus; NA, not available; RT-PCR, reverse transcription PCR; +, positive; —, negative.

The late appearance in the ED of patients with
fatal cases (i.e., 6/11 case-patients were dead upon
arrival), might reflect avoidance of healthcare utiliza-
tion in ultraorthodox communities because of distinct
cultural, religious, and social considerations and in-
sularity from government and secular media (5). A
possible mistrust of government institutions might
contribute to vaccine hesitancy, alongside frustration
with isolation and coerced measures imposed dur-
ing the COVID-19 pandemic and skepticism about
MMR/MMRYV vaccination.

Some parents reported they first consulted com-
munity mediators when the child’s condition deterio-
rated. Those mediators were known in the commu-
nity for their medical backgrounds, having served as
medical orderlies or midwives. The mediators used
pulse oximeters to monitor the ill children, and some
suggested vitamin A supplements or provided in-
travenous fluids before seeking conventional medi-
cal support, which might explain delayed referral to
healthcare facilities. Underutilization of the health-
care system and low vaccination coverage underscore
trust gaps between the ultraorthodox community and
the public healthcare system, reflecting an intricate
interplay of cultural, socioeconomic, and informa-
tional influences (11). A similar community response
was demonstrated during COVID-19; prevalence of
disease and death were much higher among ultra-
orthodox Jews in Israel compared with the overall
population of Israel, but vaccine coverage remained
low (12) among ultraorthodox Jewish persons in Is-
rael and in other ultraorthodox Jewish communities
elsewhere (13).

Additional factors contributing to the low level
of trust and undervaccination might include a high
spiritual locus of control. Persons with pronounced
spiritual beliefs might be less inclined to vaccinate

1868

because of a belief in divine control over health out-
comes, as found in a recent study in Israel (14).

Ultraorthodox communities comprise diverse
subgroups, each guided by its own religious leader-
ship and differing in their sources of influence, at-
titudes toward the community and external institu-
tions, and relationships with wider society, all of
which affect attitudes and behaviors toward vaccines
and immunizations (12). Although rabbinical en-
dorsement is essential to support a timely vaccination
schedule, some indications suggest that the commu-
nity is becoming less obedient to religious author-
ity. The decrease in the influence of central religious
authority, parallel with individual decision-making,
is an opportunity to establish direct channels of com-
munication between religious persons and healthcare
providers to deliver direct health messages to ultraor-
thodox persons.

Secondary infection attributable to immune sup-
pression and immune amnesia might have contrib-
uted to severe outcomes (10). Longer follow-up on
children recovering from measles might identify ad-
ditional cases of measles illness and death. That ex-
planation is supported by the large number of case-
patients who had bacteremia among all fatal cases (6
of the 11 children who died), whereas 2 were infected
with vaccine-preventable pathogens.

In summary, we observed high MSMR and
measles prevalence in Jerusalem during 2025-2026,
mainly among unvaccinated children <5 years of age
from ultraorthodox Jewish families. The 11 childhood
deaths, including 6 in children who died before hos-
pital arrival, represent a serious public health event
in a city with advanced medical and vaccination ser-
vices but where vaccination gaps exist. Although the
previous 2018-2019 outbreak was successfully con-
trolled, measles vaccine coverage has declined, partly

Emerging Infectious Diseases *« www.cdc.gov/eid ¢ Vol. 32, No. 11, November 2026



because of changes in community behavior and the
post-COVID-19 social climate. Outbreak vaccination
efforts need to be followed by continuous mainte-
nance of routine coverage. Culturally tailored inter-
ventions, developed in partnership with community
leaders, are needed to strengthen trust in healthcare
providers and vaccines, promote earlier healthcare-
seeking among parents to enable timely recognition
and medical assessment, reduce the risk for delayed
diagnosis, and prevent clinical deterioration (14).
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Serologic Assessment of Public
Health Action Needed for Trachoma,
Coastal Ecuador, 2021—-2024

Everlyn Kamau, Lesly Simbana, Stuart Torres, Nikolina Walas, Gretchen Cooley,
Chabier Coleman, E. Brook Goodhew, Diana L. Martin, Hadley Burroughs, Manuel Calvopifia,
William Cevallos, Sandra Vivero, Victoria Nipaz, Josefina Coloma, Gwenyth O. Lee,
Gabriel Trueba, Joseph N.S. Eisenberg, Karen Levy, Benjamin F. Arnold

We evaluated the probability of needing public health
actions against trachoma in Esmeraldas Province, Ec-
uador, by estimating seroconversion rates of Chlamydia
trachomatis plasma gene protein 3 IgG in children. Se-
roconversion rates suggest high probability of the need
for public health interventions in rural communities and
motivate further assessment.

rachoma is a blinding eye disease caused by in-

fection with ocular strains of Chlamydia tracho-
matis; trachoma has been declared a public health
concern by the World Health Organization and
targeted for elimination by 2030 (1). Public health
interventions for trachoma include surgery for tri-
chiasis, mass administration of antimicrobial drugs,
and programs to support facial cleanliness and envi-
ronmental improvement (2).

IgGs against the plasma gene protein 3 (Pgp3) of
C. trachomatis are sensitive markers of past infections,
making them suitable for monitoring populations
after mass administration of antimicrobial drugs (3).
Pgp3 antibodies can be used to measure trachoma
transmission intensity in population-based surveys
(4). A global analysis of trachoma was used to de-
velop methods that use the Pgp3 IgG seroconversion
rate (SCR) to estimate the probability of needing pub-
lic health actions (5).

The highest prevalence of trachoma is found in
sub-Saharan Africa (2). Trachoma also remains a pub-
lic health concern in remote areas of South America;

elimination efforts by the Pan American Health Or-
ganization are ongoing (6). Little is known about tra-
choma in Ecuador. We recently identified high levels
of incident seroconversion of Pgp3 antibodies within
a birth cohort in Esmeraldas Province of coastal Ec-
uador (L. Simbafia et al., unpub. data, https://doi.or
g/10.64898/2026.02.16.26346420). Here, we describe
augmenting those birth cohort samples by including
samples from older children living in villages within
the same region and estimated Pgp3 antibody SCRs.
We compared those data with global SCR distribu-
tions to estimate the probability of needing public
health actions against trachoma.

The Study

We included samples from 2 studies. The ECoMiD
longitudinal birth cohort study in Esmeraldas Prov-
ince enrolled pregnant mothers during 2019-2022
along an urban-rural gradient that included Esmer-
aldas city (urban), Borbén (commercial center for
the region), 4 communities accessible by road, and 4
communities accessible via the Santiago and Onzole
Rivers (Appendix Figure, https://wwwnc.cdc.gov/
EID/article/32/11/26-1024-Appl.pdf) (7). Dried
blood spots were collected during 2021-2024, when
children were 6, 9, 12, 18, and 24 months of age (L.
Simbafia et al., unpub. data). We also included serum
samples collected from community-based, annual se-
rologic surveillance of arbovirus transmission in Bor-
boén; 5 other communities, 4 of which overlapped with

Author affiliations: University of California, San Francisco,
California, USA (E. Kamau, N. Walas, H. Burroughs, B.F. Arnold);
Universidad de San Francisco de Quito, Quito, Ecuador

(L. Simbafa, S. Torres, V. Nipaz, G. Trueba); Centers for Disease
Control and Prevention, Atlanta, Georgia, USA (G. Cooley,

C. Coleman, E.B. Goodhew, D.L. Martin); Universidad de las
Americas, Quito (M. Calvopifia); Universidad Central del Ecuador,

1870

Quito (W. Cevallos, S. Vivero); University of California, Berkeley,
California, USA (J. Coloma); Rutgers University, New Brunswick,
New Jersey, USA (G.O. Lee); University of Michigan, Ann Arbor,
Michigan, USA (J.N.S. Eisenberg); University of Washington,
Seattle, Washington, USA (K. Levy)

DOI: https://doi.org/10.3201/eid3211.261024

Emerging Infectious Diseases *« www.cdc.gov/eid ¢ Vol. 32, No. 11, November 2026



the ECoMiD study areas (Maldonado, Colon Eloy,
Timbiré, Santo Domingo); and Santa Maria, along the
Cayapas River (§). Annual surveys were conducted
during August-October and used age-stratified sam-
pling, which oversampled 2-14-year-old children.

We tested samples from 2-15-year-old children
collected during the 2021 and 2022 surveys for Pgp3
IgG by using the Luminex platform (https://www.
luminexcorp.com) at Universidad San Francisco de
Quito (L. Simbana et al., unpub. data). We combined
data from both cohorts and stratified the communi-
ties into 2 groups, Borbén (799 samples) and rural vil-
lages (2,002 samples). We excluded birth cohort sam-
ples from Esmeraldas city (n = 355) because the city
was not included in the arbovirus surveillance study.
We summarized details of study setting, sample test-
ing, and statistical analysis (Appendix).

We used SCRs to assess the probability of wheth-
er C. trachomatis transmission was at a level that war-
ranted public health action (5). For the Borbén and
rural village groups, we estimated SCRs by using a
catalytic model and a constant force of infection (Ap-
pendix). We then estimated the probability (P) of
populations falling into either action needed or ac-
tion not needed categories (5) by using the equation
P(Category | SCR) = P(SCR | Category) x P(Category).
The action needed category identifies populations
likely to experience disease sequelae and blindness
from trachoma without intervention; the action not
needed category identifies populations unlikely to
have transmission intense enough to justify popu-
lation-level interventions. We calculated the likeli-
hood P(Category | SCR) as the empirical probability
of SCR estimates from Ecuador relative to SCRs in a
global trachoma serology dataset derived from well-
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characterized populations (9) (Appendix). We consid-
ered the serologic survey in coastal Ecuador to be the
baseline and used an uninformative prior of category
P(Category) = 0.5 (5). For each group, we also calcu-
lated the probability that the SCR was above or below
specific thresholds to measure confidence levels. We
used SCR thresholds of 2 and 4 per 100 person-years
because those thresholds aligned with regions of high
confidence (>90% probability) for action not needed
(SCR <2) versus action needed (SCR >4) (5).

We analyzed a total of 2,801 dried blood spots
from 1,243 children 0-15 years of age for Pgp3 IgG.
The sample numbers were larger for younger chil-
dren because of greater sample contributions from
the birth cohort; fewer samples were obtained from
3-5-year-old children (Figure 1, panel A). Pgp3 IgG
seroprevalence rose earlier and to a higher level in ru-
ral villages than in Borbén; IgG levels in both groups
converged in children 13 years of age (Figure 1, panel
B). Overall, Pgp3 IgG seroprevalence was 7.0% (95%
CI5.3%-9.0%; 56/799) in Borbon and ranged from 0%
(95% CI 0%-9.3%) in Colon de Onzole to 31% (95%
CI 19.1%-44.8%; 17/55) in Zancudo (Figure 1, panel
C). Among 401 children (790 samples) who were 1-5
years of age, the SCRs per 100 person-years were 4.6
(95% CI 3.5-6.2) overall, 1.9 (95% CI 0.7-5.5) in Bor-
bon, and 5.7 (95% CI 4.2-7.7) in rural villages per 100
person-years.

When compared with SCR distributions from 34
global trachoma surveys, the probability that public
health action was needed was 99.3% for the rural vil-
lages and 32.0% for Borbon (Figure 2, panel A). The
probability that SCR was <2/100 person-years [i.e.,
P(SCR <2)], which represented high confidence for
no public health action needed, was 0% for the rural

Figure 1. Seroprevalence of Chlamydia trachomatis Pgp3 IgG in rural areas and Borbén (commercial center) in Esmeraldas Province
in study of serologic assessment of public health action needed for trachoma, coastal Ecuador, 2021-2024. A) Number of samples
according to age and community type. A total of 2,801 samples were collected from 1,243 children who were 0—15 years of age; 790
samples were from 401 children 1-5 years of age. B) Seroprevalence according to age and community type estimated by using locally
weighted regression, trimmed to 1-14 years of age to reduce edge effects. C) Seroprevalence among all children who were 0-15 years
of age in BorbOn and 9 rural villages. Error bars indicate 95% Cls. Pgp3, plasma gene protein 3.
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Figure 2. Model-based probability estimates of SCRs for IgGs against Chlamydia trachomatis plasma gene protein 3 in study of serologic
assessment of public health action needed for trachoma, coastal Ecuador, 2021-2024. Estimates compared data from Esmeraldas Province
in Ecuador and global trachoma serology distributions (5). A) Probability density of SCRs for Borbén (commercial center) and 9 rural villages
estimated for children who were 1-5 years of age. We superimposed those data with pooled SCR distributions from populations classified
as public health action not needed (dashed line) and public health action needed (solid line), according to public health responses for
trachoma control in a global analysis across a range of disease endemicity (5). B) Ridgeline plot of SCR probability densities for Borbén and
rural villages from panel A compared with illustrative thresholds of 2 and 4/100 person-years (vertical dashed lines). We identified SCR <2
as a region of >90% probability that public health action is not needed, whereas SCR >4 is a region of >90% probability that public health
action is needed. Intermediate ranges of SCR that are >2 and <4 per 100 person-years could motivate additional testing (e.g., PCR testing
for infection or consideration for further monitoring depending on programmatic context [5]). SCR, seroconversion rate.

villages and 52.4% for Borbén (Figure 2, panel B).
Conversely, the probability that SCR was >4 [ie.,
P(SCR >4)] was 91.3% for the rural villages and 8.8%
for Borbon (Figure 2, panel B).

Conclusions

Pgp3 IgG SCREs in children from rural villages within
the Santiago River basin of Ecuador suggest a high
probability that public health action is needed for
trachoma when compared with global SCR distribu-
tions (9). SCR estimates in rural villages fall within
the range observed in districts with high levels of on-
going transmission that require interventions (5) and
are consistent with estimates within disease-endemic
districts of Ethiopia considered to have persistent, ac-
tive trachoma (10).

Trachoma elimination efforts in the Americas in-
clude planned trachoma surveys in Ecuador; prior-
ity surveillance is within the Amazon basin (11). Our
findings suggest that Esmeraldas Province should be
considered as well. Although the World Health Orga-
nization has not yet set Pgp3 IgG SCR thresholds for
stopping or starting interventions, we used SCRs of
<2 and >4 as regions of high confidence to determine
action not needed versus action needed. Additional
monitoring of SCRs in Borbén is warranted, because
the 95% CI of the SCR spanned the intermediate range
of 2-4 cases/100 person-years.

1872

The first limitation of our study is that we did not
use a population-based probability sampling strategy
that had many sampling clusters, as is commonly rec-
ommended for trachoma surveillance (12-14). There-
fore, children who were 3-5 years of age might have
been underrepresented, particularly in Borbén. Sec-
ond, we did not characterize blood samples accord-
ing to clinical signs of trachoma or ocular C. trachoma-
tis infection. A natural next step would be to conduct
standardized baseline surveys (12-14) to ascertain the
presence of active trachoma and provide reference
points to measure trachoma elimination progress.

Our analysis provides a generalizable example of
using existing serosurveys to inform public health de-
cision-making to support trachoma elimination. Pgp3
IgG SCRs can be used to identify communities at risk
for persistent or reemerging trachoma transmission in
the Americas, particularly in rural communities with
limited access to safe water, sanitation, and hygiene.
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Serologic Testing for Middle
East Respiratory Syndrome
Coronavirus and SARS-CoV-2
Cross-Reactive Immune
Responses, the Netherlands

Merel R. te Marvelde, Anna Z. Mykytyn, Matthijs P. Raadsen, Alexandre H.J. Bouffier,
Sivana Baptista Varela, Rory D. de Vries, Corine H. GeurtsvanKessel, Bart L. Haagmans

Cross-reactive SARS-CoV-2-specific antibodies could
compromise the specificity of MERS-CoV serology, po-
tentially leading to misclassification of infection history.
SARS-CoV-2 exposure induced MERS-CoV antibodies
primarily targeting the conserved S2 domain, with oc-
casional neutralizing capacity. Combining MERS-CoV
S1 binding with neutralization, however, limited the
influence of SARS-CoV-2—induced cross-reactivity on
MERS-CoV serology.

Since its discovery in 2012, Middle East respiratory
syndrome coronavirus (MERS-CoV) has caused
small outbreaks in humans with case-fatality rates
of =30%-40% (1,2). Primary cases typically result
from direct contact with infected dromedary camels,
but the virus can cause large outbreaks in healthcare
settings (2). No licensed MERS-CoV vaccines are
available, whereas COVID-19 vaccines were rapidly
developed when SARS-CoV-2 emerged in 2019 (3,4).
Serologic detection of MERS-CoV cases is essential
for identifying previously undetected infections
during outbreaks and surveillance among high-risk
populations, providing insights into MERS-CoV
epidemiology in settings where molecular testing
is unavailable or incomplete (5,6). However, cross-
reactivity induced by SARS-CoV-2 infection or vac-
cination could hamper detection of MERS-CoV-spe-
cific antibodies.

The spike protein, the most immunogenic pro-
tein of coronaviruses, is used in mRNA- and vector-
based vaccines and shares 58% similarity between
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the Netherlands
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SARS-CoV-2 and MERS-CoV (7). Several studies have
demonstrated the presence of cross-binding antibod-
ies after SARS-CoV-2 infection (7-10), sometimes
with MERS-CoV neutralizing capacity (11-13). Such
cross-reactivity can be difficult to distinguish from
MERS-CoV-induced immune responses. World Health
Organization (WHO) guidance for laboratory test-
ing of MERS-CoV, published in 2018, states that a
positive screening assay (e.g., ELISA) in combination
with a positive result for neutralization indicates past
MERS-CoV infection (https:/ /iris.who.int/server/api/
core/bitstreams/38aebc9e-4604-4640-9f7c-
99e58d92d34a/content). No effect of SARS-CoV-2-in-
duced cross-reactivity on those recommendations has
been reported, but such effect would be critical for deter-
mining the specificity of MERS-CoV serology. We inves-
tigated the influence of different types of SARS-CoV-2
exposures on antibody cross-reactivity to MERS-CoV
and consequences for MERS-CoV serology.

The Study

We tested serum samples from persons in the Neth-
erlands with different SARS-CoV-2 exposures (Ap-
pendix Table 1, https://wwwnc.cdc.gov/EID/
article/32/11/26-0690-Appl.pdf). Samples were
obtained from patients with mild symptomatic
COVID-19 infection (no hospital admission) and se-
vere COVID-19 infection (admission to the intensive
care unit), before COVID-19 vaccines were available.
In addition, we included serum samples from persons
who had received multiple COVID-19 vaccines; most
had also experienced breakthrough COVID-19 infec-
tion (Appendix Table 2). The time of serum collection
after SARS-CoV-2 exposure differed: 28 (interquar-
tile range [IQR] 27-28) days after vaccination for the
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Figure 1. SARS-CoV-2 binding
and neutralizing antibody titers
after different SARS-CoV-2
exposures from study of serologic
testing for Middle East respiratory
syndrome coronavirus and SARS-
CoV-2 cross-reactive immune
responses, the Netherlands.
Prepandemic serum samples
were collected during 2015-2018,
serum samples from persons
vaccinated against COVID-19
were collected in 2023, and
serum samples for persons with
mild and severe COVID-19 were
collected in 2020. A-C) Binding
IgG to SARS-CoV-2 full spike (A),
SARS-CoV-2 S1 (B), and SARS-
CoV-2 S2 (C) were measured by
in-house ELISA. Horizontal bars
indicate medians; dotted lines
indicate the cutoff for positivity on
the basis of prepandemic samples.
D) Neutralizing antibody titers were
determined by focus reduction
neutralization test by using SARS-
CoV-2 D614G. Horizontal bars

MERS-CoV and SARS-CoV-2 Immune Responses

indicate geometric mean titer; dashed line indicates the lower limit of detection. We used a nonparametric Kruskal-Wallis test followed by a
Dunn multiple comparisons test to evaluate the statistical significance between groups. FRNT;, 50% focus reduction neutralization test.

vaccinated group, 59 (IQR 41-69.75) days after symp-
tom onset for the mild COVID-19 group, and 1 (IQR
0-1) day after intensive care unit admission for the

Figure 2. MERS-CoV binding

and neutralizing antibodies after
different SARS-CoV-2 exposures
from study of serologic testing for
Middle East respiratory syndrome
coronavirus and SARS-CoV-2
cross-reactive immune responses,
the Netherlands. Prepandemic
serum samples were collected
during 2015-2018, serum
samples from persons vaccinated
against COVID-19 were collected
in 2023, and serum samples for
persons with mild and severe
COVID-19 were collected in 2020.
A-C) Binding IgG to MERS-CoV
full spike (A), MERS-CoV S1 (B),
and MERS-CoV S2 (C) were
measured by in-house ELISA.
Horizontal bars indicate medians;
dotted lines indicate the cutoff for
positivity based on prepandemic
samples. D) Neutralizing antibody
titers were determined by focus
reduction neutralization test.
Horizontal bars indicate geometric
mean titer; dashed line indicates

severe COVID-19 group. Because the cohorts were
established in the Netherlands, we assumed partici-
pants had not been exposed to MERS-CoV.

the lower limit of detection. We used a nonparametric Kruskal-Wallis test followed by a Dunn multiple comparisons test to evaluate the

statistical significance between groups. FRNT,,
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Figure 3. Correlation plot of MERS-CoV neutralization and MERS-CoV binding IgG levels from study of serologic testing for Middle East
respiratory syndrome coronavirus and SARS-CoV-2 cross-reactive immune responses, the Netherlands. Prepandemic serum samples
were collected during 2015-2018, serum samples from persons vaccinated against COVID-19 were collected in 2023, and serum
samples for persons with mild and severe COVID-19 were collected in 2020. A—C) Serum samples from all groups were visualized
showing the MERS-CoV neutralization titer and binding antibodies to MERS-CoV full spike (A), MERS-CoV S2 (B), and MERS-CoV
S1 (C). For persons with severe COVID-19, the correlation between MERS-CoV neutralization and binding was determined by the
Spearman rank-order correlation coefficient (p). Dashed horizontal lines indicate the lower limit of detection of the focus reduction
neutralization test; vertical dotted lines indicate cutoff for positivity based on prepandemic samples for in-house ELISAs. Gray shading
indicates double-positive samples capable of neutralizing MERS-CoV and binding to MERS-CoV spike in the in-house ELISA. D)

A subset of prepandemic control serum samples (n = 4), serum samples positive on the in-house MERS-CoV S1 ELISA (n = 15),

and MERS-CoV neutralizing serum samples (n = 11) tested on a commercial ELISA routinely used in MERS-CoV diagnostic testing
according to manufacturer’s protocol. Assay controls provided by the manufacturer are shown. The optical density ratio depicts the
optical density value of the sample divided by the calibrator. The dotted line indicates the recommended cutoff for positivity by the

manufacturer (ratio >1.1). FRNT,,

50% focus reduction neutralization test.

We measured SARS-CoV-2-binding IgG by in-
house ELISA using full spike protein and the S1 and
S2 subunits to determine SARS-CoV-2-specific im-
mune responses in exposed persons. The pattern of
binding antibodies was similar across groups for all
antigens; serum from vaccinees with multiple SARS-
CoV-2 exposures contained the highest levels of
binding antibodies, followed by serum collected af-
ter severe and mild infection (Figure 1, panels A-C).
The negative control prepandemic serum showed
limited binding to SARS-CoV-2. To assess the func-
tionality of the antibodies, we conducted a focus
reduction neutralization test (FRNT) using SARS-
CoV-2 with the spike mutation D614G. Neutralizing

1876

titers were again highest in vaccinated persons,
followed by those with severe COVID-19 and mild
COVID-19 (Figure 1, panel D).

Next, we assessed cross-reactivity by evaluating
MERS-CoV immune responses in the SARS-CoV-2-
exposed groups. The antibody binding patterns for
MERS-CoV were different than for SARS-CoV-2 (Fig-
ure 2, panels A-C). All SARS-CoV-2 exposed groups
included serum that could bind MERS-CoV full
spike, but binding was highest after severe COVID-19
(median 7.1 [IQR 1.2-78.3] IU/mL), followed by af-
ter vaccination (median 1.8 [IQR 0.7-4.2] IU/mL) and
mild COVID-19 (median 1.1 [IQR 0.7-3.4] IU/mL).
Cross-reactivity was mostly mediated by binding
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to MERS-CoV S2; MERS-CoV S1 binding was low
but observed in several serum samples. The severe
COVID-19 group had the highest MERS-CoV S2 bind-
ing antibody levels (median 67.0 [IQR 17.5-390.0] IU/
mL) compared with the mild COVID-19 group (me-
dian 21.0 [IQR 9.6-36.9] IU/mL) and the vaccinated
group (median 17.1 [IQR 7.9-30.1] IU/mL). The pre-
pandemic group also showed some S2 binding (me-
dian 5.4 [IQR 3.7-11.2] IU/mL), possibly indicating
cross-reactivity with other coronaviruses. We further
assessed the MERS-CoV neutralizing capacity of the
serum samples in accordance with the WHO recom-
mendations for MERS-CoV serology. Of note, a sub-
set of 11 patients from the severe COVID-19 group
had detectable antibodies capable of MERS-CoV neu-
tralization (Figure 2, panel D). One sample from the
mild COVID-19 group partially neutralized MERS-
CoV. Neutralizing antibody titers were 26-694.

To test the WHO-recommended 2-tier approach
combining ELISA screening with a neutralization assay,
we investigated the correlation between MERS-CoV
neutralization and binding antibodies for all samples
from persons who had severe COVID-19. MERS-CoV
neutralizing antibody levels correlated with full spike
binding (Figure 3, panel A); some serum samples were
double-positive for binding and neutralization. Binding
to full spike was most likely because of S2 binding (Fig-
ure 3, panel B). Those results indicate that MERS-CoV
full spike-based and S2-based assays are likely to have
limited specificity to detect past MERS-CoV infection
because of cross-reactivity. However, MERS-CoV S1
binding was not correlated with neutralization (Figure
3, panel C) and only 1 sample from the SARS-CoV-2-
exposed cohorts was double-positive, demonstrating
that combining MERS-CoV S1 binding with neutraliza-
tion minimizes the influence of SARS-CoV-2-induced
cross-reactivity. SARS-CoV-2 binding and neutraliza-
tion were not correlated with MERS-CoV neutraliza-
tion (Appendix Figure 2), indicating that the level of
the SARS-CoV-2 antibody response does not explain
the potency of MERS-CoV neutralization.

Although MERS-CoV neutralization and MERS-
CoV S1 binding were not correlated, several serum
samples showed low-level binding to MERS-CoV
S1. We tested serum samples that were positive by
in-house ELISA and samples could neutralize MERS-
CoV by commercial MERS-CoV S1 ELISA (Euroim-
mun, https://www.euroimmun.com). All samples
were below the ratio for positivity (Figure 3, panel
D), indicating that the commercial ELISA is less sen-
sitive but more specific than the in-house ELISA to
detect MERS-CoV-binding antibodies indicative
of past MERS-CoV infection. Thus, the influence of

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 32, No. 11, November 2026

MERS-CoV and SARS-CoV-2 Immune Responses

SARS-CoV-2-induced cross-reactivity can be mini-
mized by the combination of a MERS-CoV S1 ELISA
with a neutralization assay or by using a commercial
ELISA with a higher cutoff.

Conclusions

We investigated antibody cross-reactivity between
SARS-CoV-2 and MERS-CoV and effects on MERS-
CoV serology. MERS-CoV-reactive antibodies after
SARS-CoV-2 exposure are common in vaccinated
and naturally infected persons (7-10), likely because
the viruses have genetically similar spike proteins,
mainly in S2 (7). Consequently, we found cross-re-
activity primarily consists of binding to MERS-CoV
full spike and S2, consistent with previous findings
(8,12). The functionality of cross-reactive antibodies
differed on the basis of SARS-CoV-2 exposure type.
MERS-CoV neutralizing antibodies were detected in
samples from persons with severe COVID-19 but not
from vaccinated persons who were exposed to SARS-
CoV-2 multiple times. Severe COVID-19 infection
might expose the immune system to higher antigen
loads and a different spike conformation than vac-
cination with prefusion stabilized spike, potentially
promoting antibody responses to conserved S2 epit-
opes that might contribute to greater cross-reactivity
with other coronaviruses (14).

The WHO MERS-CoV serology guidelines rec-
ommend confirming ELISA results with neutraliza-
tion assays but do not specify antigens to be used or
consider SARS-CoV-2-induced cross-reactivity. We
found that combining MERS-CoV S1 ELISA with neu-
tralization minimizes double-positive tests, decreas-
ing the occurrence of false-positive results. Although
we did find low levels of binding to MERS-CoV S1
using an in-house ELISA, we found no correlation
between MERS-CoV neutralization and S1 binding.
The samples tested negative in a commercial MERS-
CoV S1 ELISA, suggesting that a high cutoff increases
specificity but reduces sensitivity compared with the
in-house ELISA. A higher cutoff could be applied to
the MERS-CoV S1 binding assay, as in the commer-
cial ELISA, but that approach reduces sensitivity, po-
tentially failing to identify true MERS-CoV-positive
cases with low S1 responses. The nucleocapsid pro-
tein is sometimes used in MERS-CoV serology (15),
but SARS-CoV-2 infection can induce antibodies that
bind to the MERS-CoV nucleocapsid, making that an-
tigen less suitable for MERS-CoV serology (9).

In conclusion, to minimize the influence of SARS-
CoV-2-induced cross-reactive antibody responses,
serologic testing for MERS-CoV should combine
MERS-CoV S1 binding with a neutralization assay.
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That process would enable more accurate tracking of
true MERS-CoV seroprevalence, enhancing surveil-

lance and response efforts.
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Differentiating Avian and
Seasonal Influenza Viruses in
Wastewater by Digital PCR
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Marika Crimaudo, Calogero Terregino, Carolina Veneri, Giuseppina La Rosa, Elisabetta Suffredini,
Clementina Cocuzza, Bernd M. Gawlik, Tobias Wiesenthal, Ursula Vincent, Valentina Panzarin, Antonio Marchini

Highly pathogenic avian influenza A(H5NXx) viruses, par-
ticularly clade 2.3.4.4b, pose substantial global health
risks. We combined and piloted 2 duplex reverse tran-
scription digital PCRs to discriminate between avian and
seasonal influenza viruses in wastewater. This approach
enabled rapid, strain-specific detection to reduce ambi-
guity in environmental surveillance for influenza viruses.

ighly pathogenic avian influenza (HPAI)

A(H5NXx) viruses, particularly clade 2.3.4.4b,
continue to circulate widely among wild and domes-
tic birds, with recurrent spillover into mammalian
species and sporadic infections in humans. The exten-
sive geographic distribution and persistent circula-
tion of clade 2.3.4.4b, together with its predominance
among HPAI A(H5) viruses currently circulating in
Europe, support its continued relevance for animal
and public health surveillance (1-4).

Wastewater and environmental surveillance
(WES) provides a population-level complement to
clinical, veterinary, and wildlife surveillance and is
increasingly integrated into the monitoring frame-
work in Europe (5). WES has been widely used for
SARS-CoV-2 and has also been applied to influenza
A and B viruses (6,7).

WES typically relies on PCR-based methods
to detect and quantify pathogens. Similar to other
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pathogens, influenza RNA concentrations in waste-
water might vary according to shedding patterns,
sewer inputs, matrix characteristics, and the rela-
tive contributions of human and animal sources (6).
Differences in laboratory methods and reporting fur-
ther complicates interpretation, underscoring the ne-
cessity of considering assay sensitivity and specificity
when comparing results across studies (8).

The matrix gene is the preferred molecular target
for the screening of influenza A viruses (9) because
it is conserved across seasonal human and animal
influenza strains, but broad reactivity limits strain
discrimination in mixed environmental samples. For
instance, the influenza A component of the Centers
for Disease Control and Prevention (CDC) influenza
SARS-CoV-2 (Flu SC2) multiplex reverse transcrip-
tion PCR (RT-PCR), developed for clinical respira-
tory specimens (10) and adapted for digital RT-PCR
(dRT-PCR) analysis of wastewater samples (11),
can detect both seasonal human and avian influenza
A signals (12).

Several wastewater assays were designed to de-
tect H5 viruses (13-15). Those assays are useful for
broad H5 virus screening but might require further
characterization to distinguish between HPAI H5N1
clade 2.3.4.4b, another H5 lineage, or low pathogenic-
ity avian influenza. A clade-specific assay can provide
additional epidemiologic resolution and help priori-
tize follow-up across animal and human surveillance.

We previously developed the European Commis-
sion’s Joint Research Centre (JRC) RT-PCRs targeting
the hemagglutinin (HA) and matrix protein (MP)
genes. The JRC-HA assay targets a conserved HA re-
gion in HPAI H5N1 clade 2.3.4.4b and the JRC-MP
assay targets the conserved matrix gene for broader
detection of influenza A (12) (Appendix, http://
wwwnc.cde.gov/EID/article/32/11/26-1234-App1.
pdf). We evaluated a dual-duplex dRT-PCR approach
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Figure 1. In silico comparative
analysis of wastewater assays
used to detect avian and
seasonal influenza viruses

in wastewater. A) Predicted
detection of HA gene sequences
from LPAI viruses, HPAI viruses
other than clade 2.3.4.4b, and
HPAI clade 2.3.4.4b viruses

by the Wolfe-HA (13), CDC-

HA (14,15), and JRC-HA (12)
assays. Bars indicate the
percentage of sequences
predicted to yield positive results.
Inset box represents enlarged
results for LPAI. B) Predicted
detection of MP gene sequences
from LPAI viruses, HPAI viruses
other than clade 2.3.4.4b, and
HPAI clade 2.3.4.4b viruses by
the Wolfe-MP (13), and JRC-
MP (12) assays. Bars indicate
the percentage of sequences
predicted to yield positive
results. CDC, Centers for
Disease Control and Prevention;
HPAI, highly pathogenic avian
influenza; HA, hemagglutinin;
JRC, Joint Research Centre;
LPAI, low pathogenicity avian
influenza; MP, matrix protein.

combining the CDC influenza A and B assay compo-
nents with the JRC-HA and JRC-MP assay to discrim-
inate between avian and seasonal human influenza
viruses in wastewater.

The Study

We first performed a comparative in silico analysis
of the publicly available primer and probe sequences
from 2 H5 assays (13-15), and the JRC-HA and JRC-
MP assays (12) (Figure 1). The predicted detection
of HPAI H5 clade 2.3.4.4b was broadly comparable
across the assays, but the JRC-HA assay revealed
greater discrimination against non-2.3.4.4b HPAI
clades (Figure 1, panel A). The JRC-HA and JRC-MP
assays had the lowest predicted cross-reactivity with
low pathogenicity avian influenza H5 annotated se-
quences (Figure 1, panels A, B).

Then, we evaluated the JRC-HA and JRC-MP du-
plexassay by using HPAIH5N1 clade 2.3.4.4b viruses
collected from wild birds and poultry in northern It-
aly during October-December 2025 (Appendix Table
4). Sequence alignment revealed high conservation
across the primer and probe binding regions for both

1880

assays, indicating that recent viral evolution had not
substantially affected assay inclusivity. Neverthe-
less, we identified 2 substitutions within the JRC-
HA probe-binding region in 3 samples (Appendix
Figure 1). In silico PCR predicted amplification (data
not shown), and both quantitative RT-PCR and dRT-
PCR detected influenza A in all 10 samples, includ-
ing samples with low viral concentrations (Figure 2,
panels A, B). For samples H, I, and ], lowering the
JRC-HA/JRC-MP dRT-PCR annealing temperature
from 60°C to 56.4°C improved partition separa-
tion (Appendix Figure 2). At the revised annealing
temperature, in silico analysis indicated that stable
primer-dimer formation was unlikely, and assay
specificity was not affected (Figure 2, panels C-F).
The limit of detection was 5 copies/reaction, con-
sistent with previous results (12). The CDC influ-
enza B assay failed to detect the target in any of the
10 samples analyzed, whereas the CDC influenza
A assay detected the target in all 10 samples with
comparable performance to that of the JRC-HA and
JRC-MP assays (Figure 2, panels A, B). Such broad
detection is useful for confirming the presence of
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influenza virus; however, it does not permit discrim-
ination between avian and seasonal human influen-
za A viruses in mixed specimens such as wastewater
samples collected during periods of seasonal influ-
enza circulation.

To improve discrimination between avian and
seasonal human influenza in wastewater samples, we
evaluated the influenza A and B components of the
CDC Flu SC2 multiplex assay together with the JRC-
HA and JRC-MP duplex assay. We performed the 2
duplex assays separately, according to the conditions
described previously (12) (Appendix). Because HPAI
H5N1 clade 2.3.4.4b-positive wastewater samples
were unavailable, we added defined amounts of
avian and seasonal human influenza A RNA to RNA
extracts from influenza-negative wastewater samples
(Figure 3). We evaluated the 2 duplex assays under 3
simulated co-circulation scenarios.

In the first scenario, we added only HPAI
H5NT1 clade 2.3.4.4b RNA to the wastewater samples.
The JRC-HA, JRC-MP, and CDC influenza A assays
produced comparable viral RNA copy numbers, indi-
cating detection near the analytical limits of the JRC
assays (Figure 3, panel A). For the second scenario,
we combined low concentrations (10 or 20 copies/
uL) of HPAI H5N1 clade 2.3.4.4b RNA and seasonal
influenza A RNA (35 copies/uL) to simulate periods
of low seasonal influenza activity or low avian influ-
enza prevalence. The JRC-HA and JRC-MP assays
selectively detected HPAI H5N1 clade 2.3.4.4b RNA,
whereas the CDC influenza A assay detected both
avian and seasonal human influenza A RNA without
distinction (Figure 3, panel B).

In the third scenario, we added low concen-
trations (10 or 20 copies/uL) of HPAI H5N1 clade
2.3.4.4b RNA to a high concentration (3,500 copies/
uL) of seasonal influenza A background, represent-
ing a possible early stage of HPAI detection during
peak seasonal influenza activity. The JRC-HA assay
detected HPAI H5N1 RNA without cross-reactivity,
whereas the JRC-MP detected both avian and season-
al human influenza A RNA, but yielded lower copy
number estimates than the CDC influenza A assay
(Figure 3, panel C). Together, our results suggest that
JRC-HA identifies and discriminates HPAI H5N1
clade 2.3.4.4b, whereas JRC-MP provided comple-
mentary detection but might lack specificity during
high seasonal influenza A circulation.

Conclusions

We propose the complementary use of CDC Flu
SC2 and JRC-HA and JRC-MP duplex assays in a
dual-duplex approach (Figure 4). The influenza A
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Figure 2. Analytical evaluation of JRC-HA and JRC-MP RT-PCRs
against recent highly pathogenic avian influenza (HPAI) H5N1 clade
2.3.4.4b isolates for differentiating avian and human influenza A
viruses from wastewater samples. A) Quantification cycle values for
10 HPAI H5N1 clade 2.3.4.4b clinical samples from Italy measured by
using the JRC-HA, JRC-MP, and CDC influenza A quantitative reverse
transcription PCRs. B) Viral RNA copy number estimates for 10 HPAI
H5N1 clade 2.3.4.4b clinical samples from Italy measured by using the
JRC-HA, JRC-MP, and CDC influenza A reverse transcription digital
PCR assays. C—F) Verification of assay specificity of the JRC-HA and
JRC-MP duplex assay at the annealing temperature of 56.4°C. Assay
specificity was evaluated in digital PCR, compared with the influenza
A and B components of the CDC influenza SARS-CoV-2 multiplex
assay, by measuring the RNA copy numbers per microliter for
influenza A(H1N1) (C), influenza B (D), influenza A(H3N2) synthetic
RNAs (from Twist Bioscience, https://www.twistbioscience.com)

(E), and HPAI H5N1 clade 2.3.4.4b RNA isolated from an infected
animal (F). CDC, Centers for Disease Control and Prevention; HA,
hemagglutinin; JRC, Joint Research Centre; MP, matrix protein.
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Figure 3. Detection of influenza
A and highly pathogenic avian
influenza (HPAI) A(H5N1) in
simulated wastewater samples
by using reverse transcription
digital PCR. A) Copy numbers of
influenza A virus in wastewater
samples negative for both avian
and human influenza A spiked
with 10 or 20 copies/pL of

HPAI H5N1 clade 2.3.4.4b virus.
B) Copy number of influenza

A virus in wastewater samples
negative for both avian and
human influenza A spiked with
10 or 20 copies/uL of HPAI H5N1
clade 2.3.4.4b virus and 35
copies/pL of human influenza

A virus. C) Copy number of
influenza A virus in wastewater
samples negative for both avian
and human influenza A spiked
with 10 or 20 copies/uL of

HPAI H5N1 clade 2.3.4.4b virus and 3,500 copies/pL of human influenza A virus. Error bars indicate the mean value + SD. Statistical
significance was determined by using t-test. CDC, Centers for Disease Control and Prevention; HA, hemagglutinin; JRC, Joint Research

Centre; MP, matrix protein; NS, not significant;.

and B components of the CDC Flu SC2 multiplex
assay are useful for routine communitywide sur-
veillance of influenza A and B, ensuring continuity
Figure 4. Interpretation of dual
duplex dRT-PCR results for
differentiating avian and seasonal
influenza A viruses in wastewater.
Extracted RNA from wastewater
samples is analyzed by using the
JRC-HA and JRC-MP duplex assay
for detection of HPAI A(H5NXx)
clade 2.3.4.4b viruses and the
influenza A and B components

of the CDC influenza and SARS-
CoV-2 multiplex assay for broad
influenza A virus surveillance.
Results from both assays are then
integrated to classify wastewater
detections according to the
presence, absence, and relative
signal intensity of assay targets.
Detection patterns are interpreted
as indicating no influenza A virus
detected, seasonal influenza A
early warning, seasonal influenza
A circulation, possible LPAI or non—
clade 2.3.4.4b HPAI virus, HPAI
A(H5NXx) clade 2.3.4.4b circulation,
or co-circulation of HPAI A(H5NXx)
clade 2.3.4.4b and seasonal
influenza A viruses. Minus signs

() indicate no target detection;
increasing numbers of plus signs (+
to ++++) indicate increasing relative

of the current public health reporting system. The
JRC-HA and JRC-MP duplex assay, after the CDC
Flu SC2 duplex, is used to specifically identify the

assay signal. CDC, Centers for Disease Control and Prevention; HA, hemagglutinin; HPAI, highly pathogenic avian influenza; JRC, Joint
Research Centre hemagglutinin; LPAI, low pathogenicity avian influenza; MP, matrix protein; RT-dPCR, reverse transcription digital PCR.
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occurrence of HPAI H5N1 clade 2.3.4.4b virus in a
population, providing an early-warning capability
that is effective in the presence of seasonal influenza
backgrounds.

We evaluated our dual duplex dRT-PCR by using
animal-derived viral material and spiked wastewater
RNA extracts, rather than confirmed HPAI-positive
wastewater samples. Further field evaluation will be
useful to assess performance under naturally occur-
ring conditions and in different wastewater matrices.
Because influenza viruses evolve rapidly, periodic se-
quence-based evaluations, followed by experimental
validation and assay updates when necessary, will be
required to maintain assay performance as new H5
clades emerge.

A clade-specific wastewater result would not by
itself determine a different public health response
from a broad H5-positive result. However, it could
reduce ambiguity, prioritize confirmatory testing,
and enable integration of wastewater findings with
veterinary, wildlife, domestic animal, and human
surveillance data.

This article was preprinted at https:/ /doi.org/10.5281/
zenodo.19054950.

Acknowledgments

We thank Renaud Seigneuric, Simona Tavazzi, Aisha
Sauer, Patricia Urban-Lopez, Gabriele Leoni, Maddalena
Querci, Els Vanlancker, and Ciaran Nicholl for their
support. We also thank Alessio Bortolami, Alice

Fusaro, and Bianca Zecchin and the Istituti Zooprofilattici
Sperimentali network for providing animal samples and
sequences. In addition, we thank those involved in
generating and sharing sequence data via the GISAID
initiative (https://www.gisaid.org).

This project received partial financial support from the
European Commission, through a Directorate-General

for Health Emergency Preparedness and Response grant
(grant no. GLOWASENSE - JRC_COMPT_37000) and
within the framework of the activities foreseen by the
European Union Reference Laboratory for Avian Influenza
and Newcastle Disease.

About the Author

Dr. Paracchini is employed as scientific officer at the
European Commission’s Joint Research Centre in

Geel, Belgium. Her research interests include working on
the development of novel assays and reference materials
for enhanced pathogen surveillance such as SARS-CoV-2,
avian influenza, and antimicrobial resistance.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 32, No. 11, November 2026

Differentiating Influenza Viruses in Wastewater

References
1. European Food Safety Authority, European Union Reference
Laboratory for Avian Influenza, Ducatez M, Fusaro A,
Gonzales JL, Kuiken T, et al. Unprecedented high level of
highly pathogenic avian influenza in wild birds in Europe
during the 2025 autumn migration. EFSA J. 2025;23:e9811.
2. Peacock TP, Moncla L, Dudas G, VanInsberghe D,
Sukhova K, Lloyd-Smith JO, et al. The global H5N1 influenza
panzootic in mammals. Nature. 2025;637:304-13.
https:/ /doi.org/10.1038/s41586-024-08054-z
3. Rolfes MA, Kniss K, Kirby MK, Garg S, Reinhart K,
Davis CT, et al. Human infections with highly pathogenic
avian influenza A(H5N1) viruses in the United States from
March 2024 to May 2025. Nat Med. 2025;31:3889-98.
https:/ /doi.org/10.1038 /s41591-025-03905-2
4. CohenJ. Bird flu antibodies found in cow in the
Netherlands, a first outside of U.S. Science. 2026 Jan 24 [cited
2026 Feb 14]. https:/ /doi.org/10.1126/science.zu49121
5. European Commission. Commission staff working
document. SWD (2025) 393 final. 2025 [cited 2026 Aug
28]. https:/ / eur-lex.europa.eu/legal-content/EN/
TXT /?uri=celex:520255C0393
6. Diamond MB, Keshaviah A, Bento Al, Conroy-Ben O,
Driver EM, Ensor KB, et al. Wastewater surveillance of
pathogens can inform public health responses. Nat Med.
2022;28:1992-5. https:/ /doi.org/10.1038 /s41591-022-01940-x
7. Viviani L, Vecchio R, Pariani E, Sandri L, Binda S,
Ammoni E, et al. Wastewater-based epidemiology of
influenza viruses: a systematic review. Sci Total Environ. 2025;
986:179706. https:/ /doi.org/10.1016/j.scitotenv.2025.179706
8. Honein MA, Olsen SJ, Jernigan DB, Daskalakis DC.
Challenges and opportunities for wastewater monitoring of
influenza viruses during the multistate outbreak of highly
pathogenic avian influenza A(H5N1) virus in dairy cattle
and poultry. Am ] Public Health. 2024;114:1309-12.
https:/ /doi.org/10.2105/ AJPH.2024.307860
9. World Health Organization. WHO information for the
molecular detection of influenza viruses. 2020 [cited 2026
Feb 14]. https:/ /cdn.who.int/ media/docs/ default-source/
influenza/ global-influenza-surveillance-and-response-
system/related-documents/ protocols_influenza_virus_
detection_jan_2020.pdf
10. Shu B, Kirby MK, Davis WG, Warnes C, Liddell J, Liu J, et al.
Multiplex real-time reverse transcription PCR for influenza
A virus, influenza B virus, and severe acute respiratory
syndrome coronavirus 2. Emerg Infect Dis. 2021;27:1821-30.
https:/ /doi.org/10.3201/eid2707.210462
11. Mancini P, Brandtner D, Veneri C, Bonanno Ferraro G,
Taconelli M, Puzelli S, et al.; Evaluation of trends in influenza
A and B viruses in wastewater and human surveillance data:
insights from the 2022-2023 season in Italy. Food Environ
Virol. 2024;17:6. https:/ / doi.org/10.1007 /s12560-024-09622-2
12. Buttinger G, Petrillo M, Valastro V, Marciano S,
Crimaudo M, D’ Amico V, et al. Novel (d)PCR assays for
influenza A(H5NXx) viruses clade 2.3.4.4b surveillance. Euro
Surveill. 2025;30:2500183. https:/ /doi.org/10.2807/
1560-7917.ES.2025.30.33.2500183
13.  Wolfe MK, Duong D, Shelden B, Chan EMG, Chan-Herur V,
Hilton S, et al. Detection of hemagglutinin H5 influenza A
virus sequence in municipal wastewater solids at
wastewater treatment plants with increases in influenza A
in spring, 2024. Environ Sci Technol Lett. 2024;11:526-32.
https:/ /doi.org/10.1021/acs.estlett.4c00331
14. Centers for Disease Control and Prevention. National
wastewater surveillance system analytics data set, year(s), as
compiled from data provided through national

1883



DISPATCHES

wastewater surveillance system in the rapid response LB-177Rev00D %20-%20Singleplex %20Digital %20PCR %20
research and surveillance branch (R3SB) [cited 2026 Testing %200f %20Influenza %20A %2C %20H1pdm09 %2C %20
Aug 14]. https:/ /data.cdc.gov/Public-Health-Surveillance/ H3%2C%20and %20H5 %20from %20Wastewater % 20- %20
CDC-Wastewater-Data-for-Avian-Influenza-A-H5-/ Instructions %20for %20Use.pdf
mtpu-urpp

. Centers for Disease Control and Prevention. Singleplex
digital PCR testing of influenza A, Hlpdm09, H3, and H5
from wastewater (Version 1) instructions for use. 2024 [cited
2026 Aug 28] https:/ /stacks.stanford.edu/file/jd535xb1898 / (VA), Italy; email: antonio.marchini@ec.europa.eu

Address for correspondence: Antonio Marchini, European
Commission Joint Research Centre, via E. Fermi 2749, 21027 Ispra

The Public Health Image Library

The Public Health

Image Library (PHIL),
Centers for Disease
Control and Prevention,
contains thousands of
public health—related
images, including high-
resolution (print quality)
photographs, illustrations,
and videos.

PHIL collections illustrate
current events and
articles, supply visual
content for health
promotion brochures,
document the effects of
disease, and enhance
instructional media.

PHIL images, accessible
to PC and Macintosh
users, are in the public
domain and available
without charge.

Visit PHIL at:
https://phil.cdc.gov/

Emerging Infectious Diseases *« www.cdc.gov/eid ¢ Vol. 32, No. 11, November 2026




Dirofilaria asiatica Infection and
Asymptomatic Microfilaremia,
Sri Lanka, 2025

Dilini Mataraarachchi, Iroshini Abeysekara, Harsha Narammalage, Thulangi Siriwardana,
Nayana Gunathilaka, Murali Vallipuranathan, Prasanga Serasinghe, Lakmini Liyanage,
Nilanka Perera, Guwani Liyanage, Shalindra Ranasinghe, Nilmini Chandrasena

We report 2 cases of asymptomatic Dirofilaria micro-
filaremia in humans in Sri Lanka, detected during night
blood surveillance for lymphatic filariasis in 2025. Partial
sequence of microfilarial cytochrome ¢ oxidase 1 gene
revealed that both infections were caused by the novel
species D. asiatica, originally described in Hong Kong as
Candidatus D. honkongensis.

Dirofﬂariasis is an emerging mosquitoborne zoo-
nosis caused by nematodes of the family On-
chocercidae, genus Dirofilaria (1). Two main species
are of relevance in veterinary and clinical practice,
Dirofilaria immitis (dog heartworm) and D. repens. D.
immitis worms have a wider distribution (Americas,
Africa, Europe, and Australasia) and cause potential-
ly life-threatening cardiopulmonary dirofilariasis in
canids and felids and pulmonary lesions in acciden-
tal human infections. D. repens worms are limited to
the Old World and cause subcutaneous and ocular
dirofilariasis in canines, felines, and in accidental hu-
man infections.

A novel D. asiatica nematode species (formerly
Candidatus Dirofilaria honkongensis) of canine origin
was reported in Hong Kong in 2012 and subsequently
in other countries in the region; it is gaining promi-
nence as a zoonosis with diverse manifestations in-
cluding cervical lymphadenopathy, abdominal sub-
cutaneous masses, and subconjunctival nodules (2).
Stray dogs and putative vector mosquitoes of genera
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Aedes, Culex, Mansonia, and Armigeres are abundant in
Sri Lanka. Surveys in Sri Lanka have documented the
presence of D. asiatica worms among 27.9% of canines
with isolation of adult D. asiatica worms in subcutane-
ous nodules, scrota, and spermatic cords (3).

Adult filarial worms and their larval stages were
historically identified on the basis of morphology and
morphometry (4,5). However, differentiation of taxa
was challenging because of morphologic similarities
and the paucity of specific identification features. Us-
ing a combined morphologic and molecular approach
has enabled differentiation of morphologically simi-
lar but genetically distinct species with identification
of cryptic species (2). Sri Lanka has the highest num-
ber of human Dirofilaria spp. infections in Asia (6).

Most Dirofilaria infections in humans are ami-
crofilaremic (1,5). The developmental cycle devi-
ates as immature worms localize in aberrant hosts,
triggering host inflammatory responses against
Dirofilaria and Wolbachia (essential endosymbiont)
antigens that arrest worm development or destroy
them, resulting in inflammatory granulomas with
indwelling immature worms (1). Thus, humans
were regarded as dead-end hosts. However, oc-
casional reports of microfilaremic infections have
queried this theory (7,8). We report asymptomatic
D. asiatica microfilaremia in 2 cases detected inci-
dentally during night blood surveillance for lym-
phatic filariasis, in Kalutara district, in western Sri
Lanka in 2025 (Figure 1).

The Study

Case 1 was in a 60-year-old mason who had a micro-
filaria count of 7 in a 60-uL night blood smear (NBS)
in April 2025. The microfilaria was morphologically
compatible with genus Dirofilaria. The patient was
receiving treatment for diabetes mellitus and hyper-
tension and had longstanding bilateral lower-limb
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Figure 1. Locations of Dirofilaria asiatica microfilaremia cases in
study of Dirofilaria infection and asymptomatic microfilaremia, Sri
Lanka, 2025. Close-up view shows Kalutara district in western Sri
Lanka. Cases were detected from night blood smear specimens.

swelling with no identifiable cause and a few palpa-
ble inguinal lymph nodes. Other physical examina-
tion results were unremarkable. Abdominal ultraso-
nography and ophthalmology screening results were
unremarkable. After obtaining 5 mL of venous blood,
we administered diethylcarbamazine (6 mg/kg/d for

12 d) and albendazole (400 mg). His microfilaremia
was cleared at 5 weeks posttreatment.

Case 2 was in a 14-year-old boy who had a micro-
filaria count of 3/60 pL NBS in June 2025. The micro-
filaria was morphologically compatible with genus
Dirofilaria. The patient had an occasional dry cough
without diurnal variation. Hematology revealed eo-
sinophilia of 568/pL (10.5%). Chest and abdominal
imaging and echocardiography were unremarkable.
He received doxycycline (100 mg 2x/d for 5 d) and
albendazole (400 mg 2x/d for 5 d). Persistence of
microfilaremia (1/60uL) at 1 month posttreatment
necessitated a repeat course of treatment. His micro-
filaremia was cleared at 3 months posttreatment.

Giemsa-stained NBSs from both case-patients
at 1,000x magnification revealed microfilaria with
morphology compatible with D. repens and D. asi-
atica worms (2). (Table; Figure 2). We performed
molecular speciation to establish species identity.
We extracted genomic DNA from venous blood of
both patients using the QIAGEN Tissue Kit (QIA-
GEN, https://www.qiagen.com). We amplified mi-
tochondrial cytochrome c oxidase subunit I (COI)
gene using the primer pair COIfilF/COIfilR, de-
signed from conserved nematode regions (9). We
sequenced purified amplicons (QIAquick PCR Pu-
rification Kit; QIAGEN) bidirectionally by Sanger
sequencing (SeqStudio Genetic Analyzer; Thermo
Fisher Scientific, https://www.thermofisher.com)
and deposited the resulting sequences in GenBank
(accession nos. PZ359659 [AFC615] and PZ359660
[AFC621]). We edited chromatograms manually
in BioEdit version 7.2.5 (https://www.updatestar.
com) and queried against the National Center for
Biotechnology Information nucleotide database us-
ing BLASTn (https://blast.ncbi.nlm.nih.gov/Blast.
cgi) for homology assessment. We performed mul-
tiple sequence alignment using ClustalW in BioEdit.
Both isolates were consistently identified as Dirofi-
laria asiatica; BLAST results showed near-complete

Table. Characteristics of Dirofilaria microfilariae detected in study of Dirofilaria asiatica infection and asymptomatic microfilaremia,

compared with those of reference strains, Sri Lanka, 2025*

Morphology Microfilaria in this study D. repens microfilariat D. asiatica microfilariat
Sheath Absent Absent Absent
Mean total body length, pm 349 369 +10 300.3
Mean width, um 8 8.87+0.5 5.7
Cephalic space
Mean length, um 2.5 296 +1.18 3.27
Location Round anterior end Round anterior end Not specified
No. nuclei 2-3 2 nuclei 2-3 nuclei
Tail Tapering, curved, free of nuclei  Tapering, curved, free of nuclei  Tapering, curved, free of nuclei

*Specimens in this study were human blood smears stained with 10% Giemsa; we observed a mean of 10 microfilariae per specimen. Characteristics
were obtained using Olympus microscope (original magnification x1,000) and cell analysis software Scopelmage version 9.0

(https://www.bioimager.com).
tMagnis et al. (5).
fColella et al. (2) Specimens were stained with 0.1% methylene blue.
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Figure 2. Microfilaria detected
in Giemsa-stained thick blood
smears from case-patients 1 (A)
and 2 (B) in study of Dirofilaria
infection and asymptomatic
microfilaremia, Sri Lanka, 2025.
Red arrows indicate the anterior
end (cephalic space) with 2—-3
distinct nuclei; yellow arrows
indicate the tails free of any nuclei.
Original magnification x1,000.

query coverage (=100%) and high percentage iden-
tity (>99%) to reference D. asiatica sequences, con-
firming species-level identification.

We constructed a maximum-likelihood phyloge-
netic tree in MEGA version 11 (10), using the best-fit
substitution model selected by Bayesian Information
Criterion (Figure 3). We assessed branch support us-
ing 1,000 bootstrap replicates and genetic distances
estimated under the Kimura 2-parameter model. The

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 32, No. 11, November 2026

resulting tree resolved 6 well-defined major clades,
corresponding to D. asiatica, D. repens, D. immitis, D.
ursi, Onchocerca sp., and Onchocercidae sp.; the deep-
est nodes separating the clades were supported at
10%-23%. Both study isolates, AFC615 and AFC621,
clustered firmly within the D. asiatica clade alongside
reference sequences also obtained from GenBank
(accession nos. PV523839, PV523835, PV523843, and
PV523842). Isolate AFC615 grouped closely with

Figure 3. Maximum-likelihood
phylogenetic tree generated

in study of Dirofilaria asiatica
infection and asymptomatic
microfilaremia, Sri Lanka,
2025. Tree includes partial
mitochondrial cox1 gene
sequences from 2 D. asiatica
isolates in this study (red
boxes) and curated reference
sequences representing

D. asiatica, D. repens, D.
immitis, and D. ursi; we
included Onchocerca sp.

and Onchocercidae sp. as
non-Dirofilaria outgroups.

We constructed the tree in
MEGA version 11 (www.
megasoftware.net) under the
Kimura 2-parameter substitution
model, selected as the best-fit
model by Bayesian Information
Criterion. Node support was
assessed using 1,000 bootstrap
replicates; numbers at nodes
indicate bootstrap values
>50%. GenBank accession
numbers are provided. Scale
bar represents nucleotide
substitutions per site.
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PV523839 and PV523835; bootstrap support was 99%
at the terminal node and 97% and 91% at the support-
ing internal nodes. Isolate AFC621 formed a pair with
reference sequence PV523842; the pair nested with-
in the broader D. asiatica clade at 43% support. The
clustering we observed was fully consistent with the
BLASTn results, confirming both isolates as genuine
D. asiatica.

Overall, the phylogenetic tree demonstrated clear
separation of the 6 major clades (D. asiatica, D. repens,
D. immitis, D. ursi, Onchocerca sp., and Onchocercidae
sp.), with both study isolates aligning unambiguously
within the D. asiatica lineage. The range of bootstrap
support observed within this clade (22%-99%) reflects
a degree of intraspecific genetic variation among D.
asiatica sequences from different geographic sources,
while clearly resolving both Sri Lanka isolates as D.
asiatica (Figure 3).

Human Dirofilaria infections have been reported
in Sri Lanka over many decades (6), although not spe-
cifically microfilaremia caused by D. asiatica filarial
worms. Case-patient 1, who had underlying condi-
tions, was probably immunodeficient to some ex-
tent, enabling the maturation of D. asiatica larvae into
adults, whereas case-patient 2 may have had multiple
exposure events.

A literature review revealed use of 3 treatment
regimens with no preference of one over the other
(11). The first 2 regimens were diethylcarbamazine/
albendazole combination therapy or doxycycline/
albendazole combination therapy targeting the en-
dosymbiont Wolbachia. The third regimen was iver-
mectin (200 pg/kg/d for 4 d) and doxycycline (100
mg 2x/d for 7 d) (12). We used the diethylcarbam-
azine/albendazole and doxycycline/albendazole
regimens because ivermectin was not registered for
human use in Sri Lanka at the time of treatment.
Although both treatment regimens achieved clear-
ance of microfilaremia, the viability of adult worms
remains uncertain; attempts to locate adult worms
were unsuccessful. Thus, we deliberated recom-
mendations for annual follow-up by blood screen-
ing for 5 years.

Conclusions

Our report establishes the presence of accidental D.
asiatica infections among humans in Sri Lanka who
were asymptomatic with microfilaremia. Further in-
vestigations will support the establishment of dirofi-
lariasis as a zoonotic public health problem. We rec-
ommend routine administration of antifilarial drugs
to dogs and cats, control of mosquitoes, and raising
awareness of dirofilariasis.
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Persistent Microfilaremia
Caused by Dirofilaria asiatica
Infection in 2-Year Old Child,

Sri Lanka, 2024

Ushani Atapattu, Indeewarie E. Gunaratna,' Lucas G. Huggins,' Murali Vallipuranathan,
Lakmini Liyanage, Harsha K. Narammalage, Nipuni Shilpeswarage,
Udayi B. Gunawardana, S.T.A. Prasanga Serasinghe, Vito Colella

Filarial nematodes cause significant illness worldwide,
including lymphatic and subcutaneous filariases in tropi-
cal regions. Dirofilaria asiatica is a recently described ca-
nine filarioid increasingly implicated in zoonotic human
infections. Here, we report a patent infection in a child
in Sri Lanka who had persistent microfilaraemia after 2
rounds of diethylcarbamazine treatment.

Filarial worms can cause significant disease and
profoundly affect quality of life for both humans
and animals. Key human-infecting species encom-
pass those causing lymphatic filariasis (Wichereria
bancrofti and Brugia spp.) and subcutaneous and ocu-
lar filariases (Onchocerca volvulus and Loa loa) (1). De-
spite considerable progress in controlling those para-
sitic diseases, the World Health Organization (WHO)
estimates that >650 million persons remain at risk for
lymphatic filariasis (1). As research into filarial worm
control continues, the role that zoonotic species might
play in hampering elimination efforts has become
more prominent.

In Sri Lanka, Dirofilaria asiatica (formerly known
as the Dirofilaria Hong Kong genotype) and the Bru-
gia Sri Lanka genotype are recognized as 2 zoonotic
filarial worms that primarily infect dogs, typically
subclinically, and can be transmitted to humans
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(2,3). Although knowledge of D. asiatica infection in
humans is still in its infancy, it has been associated
with subcutaneous and subconjunctival nodules and
potentially life-threatening anaphylaxis during surgi-
cal worm excision (4). Furthermore, nodules caused
by D. asiatica worms can mimic serious conditions (5)
such as breast tumors (6) or testicular torsion, com-
plicating its diagnosis (7). Sri Lanka has reported the
highest number of human subcutaneous infections
caused by Dirofilaria spp. worms; those accounted for
>50% of subcutaneous nodules in pediatric surgical
patients (8). The increasing number of reported hu-
man cases of D. asiatica infection in the region might
reflect its important role as a cause of canine subcu-
taneous dirofilariasis in the Asia-Pacific, potentially
increasing opportunities for zoonotic transmission
(3,5,9,10). Nonetheless, humans are considered dead-
end hosts for Dirofilaria spp. worms; cases of micro-
filaremia are rarely observed (11).

We report on a case of Dirofilaria spp. infection
in a child identified by the Anti-Filariasis Campaign,
part of a national postvalidation surveillance program
in lymphatic filariasis-endemic districts in Sri Lanka.
The Ethics Review Committee of the Postgraduate In-
stitute of Medicine, University of Colombo, Sri Lanka,
approved molecular confirmation of positive samples
for the program (ID no. ERC/PGIM/2023/133). We
obtained informed consent from adults, and parental
assent for children, as described previously (3).

The Study

In April 2024, a 2-year-old girl with trisomy 21 from
Kalutara District, Sri Lanka, was confirmed to have mi-
crofilaremia caused by an unidentified filarial parasite

'"These authors contributed equally to this article.
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during routine night blood smear surveillance con-
ducted as part of an ongoing campaign. Methylene
blue staining revealed unsheathed microfilariae with
a rounded anterior end, 1-2 cephalic nuclei, and a
curved tail (Figure), consistent with Dirofilaria spp.
(2). We observed no clinical signs of lymphatic filaria-
sis. We collected a whole-blood sample and adminis-
tered oral diethylcarbamazine (3 mg/kg/d for 12 d).
One month posttreatment, night blood smear showed
persistent microfilaremia, prompting a second course
of diethylcarbamazine. The patient did not return for
care after the second treatment. Attempts to contact
the family were unsuccessful until a year later; we
then initiated follow-up testing. Microscopy remained
positive for microfilariae with morphology consistent
with Dirofilaria spp., but results for both Brugia Test
Plus (BT+) (Drugs & Diagnostics for Tropical Dis-
eases, https://www.ddtd.org) and STANDARD Q
Filariasis Antigen test (SD Biosensor, https://www.
sdbiosensor.com) were negative. Eight days later, we
initiated a third 12-day course of diethylcarbamazine
(6 mg/kg/d) with albendazole (400 mg). Four weeks
after treatment, in July 2025, a thick blood smear spec-
imen tested negative for microfilariae.

We performed molecular characterization on
whole blood from the patient, initially collected in
2024, at the University of Melbourne (Melbourne,
VIC, Australia). We extracted DNA using the DNeasy
Blood and Tissue Kit (QIAGEN, https://www.
giagen.com) and analyzed it using a prevalidated
nanopore-based metabarcoding assay capable of
detecting all filarial worm species through selective
amplification and sequencing of the mitochondrial
cytochrome c oxidase 1 (cox-1) gene (12). We used a
second nanopore-based metabarcoding assay target-
ing the nuclear 18S ribosomal RNA (rRNA) gene, in-
ternal transcribed spacer (ITS) 1 and ITS-2 regions,
and 285 rRNA gene to characterize the blood mi-
crofilariae (2) (Appendix, https://wwwnc.cdc.gov/
EID/article/32/11/26-0739-Appl.pdf)). Both assays
identified D. asiatica worms as the cause of the infec-
tion. We identified no other filarial worm infection.
We deposited the generated sequences into GenBank
(accession nos. PZ167699 and PZ168005).

Conclusions

We document a confirmed case of persistent patent
D. asiatica infection in a human. Microfilariae were
observed in the patient’s blood over a period of >1
year. Of interest, a small number of human micro-
filaremia cases have been reported for the closely
related filarial species D. repens; therefore, its occur-
rence with D. asiatica infection may not be entirely

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 32, No. 11, November 2026

Dirofilaria asiatica Infection in Child

Figure. Dirofilaria asiatica microfilaria isolated from a 2-year-old girl
from Kalutara District, Sri Lanka, stained with methylene blue. The
microfilaria has a rounded anterior end with 2 cephalic nuclei (visible
at lower right) and a curved tail. Original magnification x1,000.

unexpected (11). A potential contributing fac-
tor could be the patient’s underlying trisomy 21,
which impairs both innate and adaptive immunity
(13); those immunologic vulnerabilities might have
enabled the reproductive maturation of D. asiatica
worms in this young patient.

The ability of D. asiatica worms to produce patent
infections has public health implications beyond indi-
vidual cases. In filariasis-endemic settings, the mor-
phologic similarity of Dirofilaria microfilariae to those
of other known pathogens could complicate microsco-
py-based surveillance, particularly where species iden-
tification relies on field-level morphologic assessment.

This report further highlights the need for surveil-
lance programs to adopt more versatile and species-dis-
criminating diagnostic platforms. For example, recent
postvalidation surveillance in Sri Lanka detected Bru-
gia-like microfilaremia in 52 persons, including 17 case-
patients in Kalutara District; molecular characterization
using nanopore metabarcoding of available cases identi-
fied Brugia SL genotype but found no filarial coinfections
(2). Such improvements are critical given that the trans-
mission dynamics of D. asiatica and Brugia SL genotype
differ from anthroponotic species; specifically, those
species are maintained in canine (3,10) and potentially
feline reservoir hosts. Hence, the control of zoonotic fi-
larial worms such as D. asiatica and Brugia SL genotype
might not be adequately addressed through conven-
tional elimination strategies. For example, despite its
benefits in reducing lymphatic filariasis, mass drug
administration (MDA) is unlikely to reduce zoonotic
transmission of D. asiatica worms, particularly given
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their high (=33 %) prevalence in dogs in the southern and
western regions of Sri Lanka (10). Moreover, molecular
detections of D. asiatica worms in dogs have increased
across Asia, indicating a broader distribution than pre-
viously assumed (9,10). Emerging evidence suggests
that many human dirofilariasis cases in the Asia-Pacific
region previously attributed to D. repens infection might
have actually been caused by D. asiatica infection, a
misattribution potentially resulting from previous limi-
tations in diagnostic tools and reference data (2). In the
case we describe, imaging, including ultrasonography,
to locate adult worms, could not be performed because
we could not reestablish contact with the patient and
her family.

Persistent microfilaremia after repeated courses
of diethylcarbamazine might reflect treatment failure
or reinfection, suggesting inconsistent efficacy against
D. asiatica and the need for improved therapeutic regi-
mens for zoonotic filarial infections. No established
treatment protocols exist for human dirofilariasis with
microfilaremia; reported therapeutic approaches, in-
cluding ivermectin and anti-Wolbachia therapy with
doxycycline, are largely based on experience with D.
repens infections rather than controlled studies (14).
Furthermore, the use of ivermectin in very young chil-
dren is limited because its safety and effectiveness have
not been established in children weighing <15 kg (15).

Our findings demonstrate the ability of D. asiatica
worms to cause microfilaremia in humans; the clini-
cal implications of patent D. asiatica infection remain
unknown. This study underscores critical gaps in
diagnostic and therapeutic strategies for lymphatic
filariasis surveillance and control in regions where
cryptic and zoonotic filarial species cocirculate, sup-
porting the need for integrated One Health approach-
es. Species-specific diagnostic tools within filariasis
surveillance will enable accurate detection, which in
turn will provide a clearer understanding of the dis-
tribution and prevalence of patent zoonotic filarial
infections in endemic regions.
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Fatal Rickettsia parkeri Rickettsiosis
INn Immunocompromised Pediatric
Patient, Georgia, USA, 2025

Stephanie Bellman,! Thomas G. Fox,' Sunil S. Raikar, Daniel John Bergsagel, Meredith Steuer,
Kiran B. Hebbar, Jennifer Kasten-Metz, Sandor E. Karpathy, Christopher D. Paddock, Kristy O. Murray

We describe a fatal Rickettsia parkeri rickettsiosis case in
a 3-year-old boy in Georgia, USA, receiving chemothera-
py for B-cell acute lymphoblastic leukemia, hospitalized
with febrile neutropenia. Plasma microbial cell-free DNA
sequencing confirmed the diagnosis. This report high-
lights the need to maintain suspicion for tickborne dis-
eases in immunocompromised hosts in some settings.

Rickettsia parkeri rickettsiosis is a mild to moderately
severe spotted fever rickettsiosis (SFR) character-
ized by fever, myalgias, headache, rash, and, com-
monly, an eschar at the site of tick attachment (1). Since
2020, nearly 5,000 cases of SFR have been reported in
the United States, including infections with R. parkeri
(2). A systematic review of 77 R. parkeri rickettsiosis
cases found that only 9% (16% in confirmed cases) re-
quired hospitalization and only 7% (3% in confirmed
cases) occurred in children (3). Doxycycline is the treat-
ment of choice for all rickettsial infections. We describe
a fatal case of R. parkeri infection in an immunocom-
promised child in Georgia, USA.

The Study

A 3-year-old boy from southwestern Georgia receiv-
ing chemotherapy for high-risk B-cell acute lympho-
blastic leukemia was admitted to the hospital in late
July 2025 with febrile neutropenia. At admission, he
had profound neutropenia and thrombocytopenia
(leukocyte count 110/pL, absolute neutrophil count
20/uL, platelets 19,000/uL). He was on the second
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month of delayed intensification chemotherapy as
part of a high-risk B-cell acute lymphoblastic leuke-
mia regimen and had received cyclophosphamide,
cytarabine, and 6-thioguanine 2 weeks before admis-
sion. His examination was unremarkable except for 2
pink papulonodules with central eschars on the left
upper extremity (Figure 1, panel A). He was started
on empiric cefepime therapy after blood cultures
were obtained.

On the second and third day of hospitalization, a
rash developed that began with small pink macules
on the upper back and arms (Figure 1, panel B). Over
the next 3 days, the rash progressed to numerous pink
macules, some with overlying vesicles involving the
bilateral upper and lower extremities, face, and trunk.
Upon further questioning, his parents reported that
the lesions on his left arm had been present for about
1 month before hospitalization and had been draining
clear fluid. They attributed those lesions to suspected
insect bites because he frequently played in the grass
around their suburban home, but they did not recall
seeing any insects.

He remained febrile despite cefepime therapy
and had persistent pancytopenia and unmeasurable
lymphocyte count; blood culture results were nega-
tive. Micafungin and acyclovir were initiated to tar-
get potential disseminated infection with Candida or
herpes viruses. PCR testing for herpes simplex virus
and varicella zoster virus from an unroofed vesicle
returned negative results. Computed tomography
with intravenous contrast of the lungs showed mini-
mal ground glass opacities; abdominal ultrasound
revealed hepatomegaly, trace ascites, and thickened
and inflamed small bowel loops consistent with neu-
tropenic enteritis.

On hospital day 7, he developed hypotension and
respiratory failure and was transferred to the intensive
care unit, requiring bilevel positive airway pressure.

"These first authors contributed equally to this article.
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Figure 1. Photographs of rash from study of fatal Rickettsia parkeri rickettsiosis in immunocompromised pediatric patient, Georgia, USA,

2025. A) Eschar on left upper extremity; B) rash on patient’s torso.

Antimicrobial treatment was changed to meropenem,
vancomycin, amphotericin B, isavuconazole, and dox-
ycycline. He continued to have hemodynamic dete-
rioration and worsening hypoxia. During intubation,
he suffered a 20-minute cardiac arrest requiring chest
compressions before return of spontaneous circula-
tion, but unfortunately he later developed fixed and
dilated pupils. The decision was made to withdraw
life-sustaining therapies, and he died on hospital day
8. The next day, a sample submitted on hospital day 7
for plasma microbial cell-free DNA sequencing (Kari-
us, https:/ /kariusdx.com) returned positive results for
R. parkeri (8,374 molecules/100 nL).

Confirmatory laboratory testing was performed
by the Centers for Disease Control and Prevention

(Atlanta, GA, USA). DNA was extracted from the
residual plasma specimen and was found positive
by real-time PCR targeting a 96-bp segment of the
ompB gene specific for R. parkeri (4). Formalin-fixed,
paraffin-embedded sections of the skin biopsy speci-
men were stained by an immunoalkaline phospha-
tase technique for multiple species of spotted fever
group Rickettsia, including R. parkeri, yielding abun-
dant staining for rickettsiae and rickettsial antigens in
the lumina and endothelium of vessels and extension
into adjacent dermal tissue (Figure 2) (1).

Conclusions
In this article, we describe a fatal case of R. parkeri
rickettsiosis in a young, immunocompromised child.

Figure 2. Immunohistochemistry and skin pathology from study of fatal Rickettsia parkeri rickettsiosis in immunocompromised pediatric
patient, Georgia, USA, 2025. A) Punch biopsy specimen obtained from a rash lesion of the lower extremity of the patient demonstrating
mild superficial dermal edema and small perivascular hemorrhages (arrows) without distinct inflammatory cell infiltrates. Hematoxylin
and eosin stain; original magnification x62.5. B) Immunohistochemical staining using an antibody reactive with spotted fever group
Rickettsia spp., including Rickettsia parkeri, shows abundant staining of rickettsiae and rickettsial antigens in the lumens of the vessels,
with invasion through the endothelium into the surrounding tissue (arrows). Immunoalkaline phosphatase with naphthol fast red and

hematoxylin counterstain; original magnification x62.5.
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There is 1 known case of R. parkeri infection in an im-
munocompromised patient: a kidney transplant re-
cipient who developed a moderately severe R. parkeri
infection shortly after transplantation characterized
by fever, diffuse rash, arthralgias, elevated inflam-
matory markers, and mildly elevated transaminases,
which resolved after treatment with doxycycline (5).
Multiple factors contributed to the delay in rec-
ognition of SFR in this patient. R. parkeri infection is
more commonly diagnosed in adults >40 years of age
(2,6). In addition, hospital admission for febrile neu-
tropenia is common during the stage of chemothera-
py this child was receiving. A comprehensive study
of >600 children with acute lymphoblastic leukemia
showed that 72.9% of patients receiving high-risk de-
layed intensification were hospitalized at least once
(7). The initial antibiotic for febrile neutropenia is typ-
ically chosen to target gram-negative bacteria, with a
fourth-generation cephalosporin (e.g., cefepime) ad-
ministered according to institutional guidelines (8).
Persistent fevers and clinical deterioration led to the
expansion of antibiotic treatment, covering gram-pos-
itive bacteria and fungal pathogens, a common strat-
egy used in febrile neutropenia without confirmatory
infectious results. Unfortunately, given the treatment
phase and the reason for admission, recognizing a
tickborne rickettsial infection was challenging. Clini-
cians might not consider those infections in patients
with common syndromes like febrile neutropenia.
Advanced diagnostic tools, such as unbiased cell-free
DNA sequencing (e.g., Karius Spectrum), can expand
our ability to detect fastidious or difficult to diagnose
pathogens (9). Such tools have been increasingly used
to detect rickettsial species (5,10,11), although the out-
sourcing of the test takes additional time to obtain a
result, which can delay pathogen-targeted treatment.
Although a history of presumed insect bites was
reported, no tick or insect was ever visualized on the
child. Diagnosis of tickborne infection is often diffi-
cult without known tick exposure. R. parkeri is trans-
mitted by the Gulf Coast tick, Amblyomma maculatum,
the range for which includes the part of southwest-
ern Georgia where this patient lived (12). Adult ticks
are most active during July and August near the Gulf
Coast (13), coinciding with the timing of this case.
The manifestation of R. parkeri rickettsiosis in this
immune-suppressed patient was atypical for multiple
reasons and contributed to the unusual severity of dis-
ease. The rash associated with R. parkeri consists typi-
cally of scattered pink macules with overlying vesi-
cles (1). This patient’s rash was more extensive than
what is typically reported, including facial lesions.
Furthermore, real-time PCR conducted at Centers
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for Disease Control and Prevention detected a high
concentration of R. parkeri rickettsia in the plasma,
and pathology examination found a high concentra-
tion of rickettsial antigen stain in and around der-
mal vessels. In vitro studies of rickettsial infection
have demonstrated the importance of CD4 and CD8
T-cells, especially highlighting the necessity of CD8
T-cells in successfully eliminating the pathogen (14).
The patient we describe had profound lymphopenia
from his underlying leukemia and chemotherapy,
which likely contributed to increased disease severi-
ty. In addition, a study in mice infected with R. parkeri
demonstrated lethality with high inoculation dose
(15), indicating that, whereas the infection is typically
mild, high pathogen concentrations could be linked
to death. On the basis of this case and the previous re-
port in a kidney transplant patient (5), R. parkeri rick-
ettsiosis represents a larger threat to immunocompri-
mised patients than previously thought.

This case highlights a rare but potentially serious
tickborne infection in immunocompromised hosts
and the importance of recognizing SFR in patients not
typically considered at high risk. Clinicians should
consider R. parkeri rickettsiosis in patients seeking
care for fevers and eschar lesions who reside in or
travel to areas where A. maculatum ticks exist, particu-
larly during summer months.
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Telework during
Epidemic
Respiratory lliness

The COVID-19 pandemic has caused us
to reevaluate what “work” should look like.
Across the world, people have converted
closets to offices, kitchen tables to desks,
and curtains to videoconference back-
grounds. Many employees wondered if
these changes will become a new normal.

During outbreaks of influenza, corona-
viruses, and other respiratory diseases,
telework is a tool to promote social dis-
tancing and prevent the spread of disease.
As more people telework, employers are
considering the ramifications of remote
work on employees’ use of sick days, paid
leave, and attendance.

In this EID podcast, Dr. Faruque Ahmed,
an epidemiologist at CDC, discusses the
economic impact of telework.

Visit our website to listen:
https://go.usa.gov/xfcmN
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Transmission Dynamics of
Dengue Virus, Ceara State,
Brazil, 2010-2025
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We evaluated the transmission dynamics of dengue vi-
rus (DENV) during 2010-2025 in Ceara State, Brazil.
Ceara has been a dengue hyperendemic region, where
all 4 DENYV serotypes co-circulate, predominantly DENV-
1 and DENV-2, and where DENV-3 was recently reintro-
duced. Our findings provide an epidemiologic baseline
for postlicensure dengue vaccine evaluation.

Dengue virus (DENV) is an arbovirus estimat-
ed to cause >390 million infections annually
worldwide, leading to >10,000 deaths in >125 coun-
tries (1,2). DENV (Flaviviridae family) is transmit-
ted to humans primarily by Aedes aegypti and Ae. al-
bopictus mosquitoes (3) and comprises 4 genetically
and antigenically distinct serotypes (DENV-1-4) (4).
DENV infection can be categorized as dengue with-
out warning signs, dengue with warning signs, and
severe dengue, which can include death (5). No spe-
cific antiviral treatment is available for dengue. As
of August 2026, Dengvaxia (Sanofi Pasteur, https://
www.sanofi.us), Qdenga TAK-003 (Takeda, https://
www.takeda.com), and Butantan-DV (Instituto Bu-
tantan, https://en.butantan.gov.br) are 3 licensed
vaccines to prevent dengue; however, Dengvaxia

use remains limited because of safety concerns (6,7).
Brazil remains one of the most affected countries by
dengue and has annual epidemics, widespread vec-
tor distribution, and co-circulation of all 4 DENV
serotypes (8). We integrate epidemiologic and ge-
nomic methods to investigate DENV transmission
dynamics during 2010-2025 in Ceard, a hyperen-
demic state in Brazil.

The Study

We obtained national epidemiologic data on lab-
oratory-confirmed dengue cases during January
2010-January 2025 from Brazil’s Ministry of Health.
We obtained additional epidemiologic data from
the Central Laboratory of Public Health of Ceara for
dengue cases reported during July 2014-June 2025.
We used the MiSeq platform (Illumina, https://
www.illumina.com) to sequence residual quantita-
tive reverse transcription PCR-positive DENV serum
samples collected from case-patients with DENV-1-3
serotypes during February 2024-July 2025. We as-
signed DENV lineages by using the DENV typing
tool (9), followed by phylogenetic reconstruction.
We also performed time-series, spatial mapping, and
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DISPATCHES

Figure 1. Dengue incidence and DENYV test positivity from study of DENV transmission dynamics, Ceara State, Brazil, 2010-2025.

A) Weekly incidence of laboratory-confirmed dengue cases/100,000 inhabitants at the national (Brazil) and state (Ceara) levels, from
epidemiologic week 1 of 2010 (January 3-9) through epidemiologic week 4 of 2025 (January 20—26). B) Annual DENV test positivity rate
(%) in Brazil and Ceara. Dashed line indicates 50% positivity. DENV, dengue virus.

demographic analyses (Appendix, https://wwwnc.
cdc.gov/EID/article/32/11/26-0609-Appl.pdf).
During January 3, 2010-January 25, 2025, Bra-
zil reported 1,657,046 laboratory-confirmed dengue
cases across 98.9% (5,509/5,570) of municipalities in
all 26 states and the Federal District. We identified 13
major epidemic waves at the national level; annual
incidence varied from 4.0 to 190.4 cases/100,000 per-
sons tested, and the largest epidemic occurred in 2024
(Figure 1, panel A). National DENV testing positiv-
ity rate ranged from 18.2% (19,460/106,901 persons
tested) to 57.1% (146,649/256,981 inhabitants) during
those 15 years (Figure 1, panel B). In Ceard, a total
of 131,961 laboratory-confirmed cases were reported,
corresponding to a cumulative incidence of 1,500

1898

cases/100,000 inhabitants. Ceara epidemic peaks co-
incided with national trends but frequently reached
higher incidence and positivity rates (Figure 1).

By 2026, dengue had been reported in all 184
municipalities in Ceard; cumulative incidences range
from 41.4 to 8,566 cases/100,000 inhabitants (Ap-
pendix). Nationally, dengue epidemics occurred
mainly during February-June and peaked during
March-April (peak monthly incidence mean 10.4
cases/100,000 inhabitants). In contrast, in Ceara, epi-
demics occurred during March-August, typically
peaking in May (incidence mean 18.4 cases/100,000
inhabitants) (Appendix). Sex- and age-stratified anal-
yses revealed a female-to-male ratio of 1.6 and higher
incidence among female persons nationally (2-way

Figure 2. Annual percentage

of dengue cases attributed to
DENV serotypes 1, 2, 3, or 4
from study of DENV transmission
dynamics, Ceara State, Brazil,

2014-2025. DENV, dengue
virus.
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Dengue Virus, Ceara State, Brazil, 2010-2025

Figure 3. Annual distribution

of DENV serotypes across the
mesoregions from study of DENV
transmission dynamics, Ceara
State, Brazil, 2014-2025. DENV,
dengue virus.

ANOVA test, p<0.05) and in Cearé (p<0.01) (Appen-
dix). The cumulative incidence in Ceard was higher in
persons 10-39 years of age than in persons >70 years
of age (p<0.05) (Appendix).

We investigated the circulation of DENV serotypes
in Ceara during July 2014-June 2025. DENV-1 was the
predominant DENV serotype during 2014-2019 and
again during 2023-2025 (Figures 2, 3). Fortaleza, the
capital and most populous city in Cear4, reported co-
circulation of DENV-1, DENV-3, and DENV-4 in 2015.
DENV-2 reemerged in 2019, leading to its near-com-
plete replacement of other DENV serotypes in 2021
and 2022 (Figures 2, 3). To assess current genetic diver-
sity in Ceara, we sequenced 243 DENV genomes from
cases reported during February 2024-July 2025 across
45 municipalities (Figure 4; Appendix). Cycle thresh-
old values ranged from 10.6 to 33.0. We recovered
complete or partial DENV genomes for 218 of the 243
samples (coverage 14.4%-99.2%; mean depth 16-9,877
per nucleotide) (Appendix). Among those genomes,
we classified 82.6% (180/218) with >70% coverage
into the following genotypes: DENV-1 V_D1.1 (n =
1), DENV-1 V_E1 (n = 111), DENV-2II_F1.1.2 (n = 61),

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 32, No. 11, November 2026

DENV-21I_F1.1.5 (n=2), DENV-21II_C1.1 (n=2), and
DENV-3 III_B3.2 (n = 3) (9). We included those newly
generated DENV genome sequences in maximum-
likelihood phylogenetic analyses along with global
DENYV genome references (Appendix).

Phylogenetic analysis showed that the recent
epidemic in Ceard (2024-2025) was mainly caused by
DENV-1 lineage V_E1 (61.6% [n = 111 cases]). DENV
lineages identified in Ceara were distributed across
multiple well-supported subclades with genomes
from southeast (Sao Paulo), central-west (Federal Dis-
trict, Goids, and Mato Grosso do Sul), and northeast
(Alagoas) of Brazil and from Florida (USA) and Uru-
guay. Lineage II_F1.1.2 (94%) predominated among
DENV-2 cases, and clustered with DENV genomes
from southeast and northeast Brazil and the United
States (10). Conversely, DENV-2 II_F1.1.5 genomes
grouped with sequences from France (2023-2024) and
the Dominican Republic (2024), suggesting a recent
international introduction. Detection of DENV-3 ge-
nomes from Ceard was consistent with a reintroduc-
tion because no local detections have occurred since
2015. Those genomes belonged to lineage I11_B3.2 and
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Figure 4. Maximum-likelihood
phylogenetic trees of DENV
lineages detected from study of
DENV transmission dynamics,
Ceara State, Brazil, February
2024—-July 2025. A) DENV-1
lineage V_D1.1; B) DENV-1
lineage V_E1; C) DENV-2
lineage Ill_C1.1; D) DENV-2
lineage II_F1.1.2; E) DENV-2
lineage II_F1.1.5; F) DENV-3
lineage Ill_B3.2. A total of 180
DENV genomes generated

in this study from Ceara were
analyzed alongside publicly
available global references.
Final datasets comprised DENV-
1 lineage V_D1.1 (n = 218),
DENV-1 lineage V_E1 (n =
791), DENV-2 lineage Il_F1.1.2
(n =499), DENV-2 lineage
II_F1.1.5 (n = 133), DENV-2
lineage 1ll_C1.1 (n = 366),

and DENV-3 lineage IlI_B3.2

(n = 734). Tips are colored by
region or state of origin. Red
dots indicate newly generated
DENYV sequences in this study.
Phylogenies are midpoint-rooted
for clarity. Scale bars represent
substitutions per nucleotide site.
Bootstrap support values (1,000
replicates) are shown at key

nodes. Complete phylogenies for each lineage and GenBank accession numbers for all sequences used are provided (Appendix, https:/
wwwnc.cdc.gov/ElD/article/32/11/26-0609-App1.pdf). DENV, dengue virus; UNK, unknown region of Brazil.

formed a well-supported clade (bootstrap 100%) with
sequences from Sao Paulo (2024-2025) and Florida
(2023) within a lineage widely circulating across the
Americas, including in Cuba, the Dominican Repub-
lic, French Guiana, and Peru (Figure 4).

This study provides a 15-year overview of den-
gue transmission in Ceara, a dengue hyperendemic
state. Our epidemiologic analyses demonstrate that
dengue occurred in all 184 municipalities of Ceard
and that multiple DENV epidemics reached higher
incidence and testing positivity rates than national
trends. Epidemic peaks typically occurred ~1 month
later and lasted longer in Ceara than the national av-
erage, which might be explained by extended periods
of high temperature and humidity (11), supporting
near year-round vector abundance and sustained
DENV transmission (3).

We identified heterogeneous circulation of all 4
DENYV serotypes and identified 6 distinct viral lineag-
es across 3 serotypes (DENV-1, DENV-2, and DENV-
3) sustained by multiple national and international in-
troductions. We also documented the reintroduction
of DENV-3, confirmed by its detection in July 2025,

1900

which could increase the risk for severe outcomes in
the coming years through sequential infections and
antibody-dependent enhancement after a decade of
co-circulation of DENV-1 and DENV-2 (12). More-
over, our phylogenetic analyses showed that DENV-
3 lineage III_B3.2 genomes clustered with DENV
sequences detected during 2024-2025 in Sao Paulo
State. That finding suggests a recent introduction of
DENV-3 into Ceara through domestic routes, after its
dissemination and sustained circulation across differ-
ent regions of Brazil, rather than importation from the
Caribbean and the Americas (13,14).

One limitation of our study is its reliance on
variable healthcare-seeking behaviors, which might
not capture the full extent of dengue cases, includ-
ing asymptomatic cases. In addition, on the basis
of our epidemiological data, we cannot distinguish
between primary and secondary DENV infections.
Moreover, we acknowledge that some dengue
cases diagnosed by IgM detection might reflect
cross-reactivity with Zika virus, which emerged in
Brazil in 2015 (15). Furthermore, our genomic data
are limited to 2024-2025, which, together with the
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scarcity of DENV genomic data from Ceara in pub-
lic genomic databases, prevents elucidation of the
spatial and temporal dynamics of DENV lineages
in Ceara before 2024.

Conclusions

In summary, our study described the long-term den-
gue transmission dynamics in Ceard, Brazil, during
2010-2025 and substantially increased the DENV
genomic data from this hyperendemic region. Such
genomic data enable identification of circulating and
emerging DENV lineages, elucidating the spatiotem-
poral evolution and shifts in DENV patterns. Our find-
ings will guide public health management and future
efforts to implement dengue immunization programs
using Qdenga TAK-003 and Butantan-DV in Brazil.
Co-circulation of all DENV serotypes, and the current
predominance of DENV-1 and DENV-2, highlight the
necessity for continued serotype-specific surveillance
to further monitor vaccine effectiveness.
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DISPATCHES

Post—COVID-19 Expansion of
Streptococcus pyogenes Lineages

Causing Toxic Shock Syndrome,
Japan, 2023-2024

Tadayoshi Ikebe, Hitoshi Otsuka, Mari Sasaki, Takahiro Yamaguchi, Yoshimi Date, Yu Kazawa, Kazuki Saito,
Kaho lkeda, Rumi Okuno, Yukihiro Akeda; The Working Group for Beta-Hemolytic Streptococci in Japan'

We analyzed 919 Streptococcus pyogenes isolates
from laboratory-confirmed streptococcal toxic shock
syndrome cases in Japan during 2023-2024. Post—
COVID-19 resurgence was driven by expansion of M1,
(49.8%) and emerging M1, .. (37.4%) lineages, re-
placing ancestral M1, . M1, were associated with
younger patient age and higher death rates in unadjust-
ed analyses.

treptococcal toxic shock syndrome (STSS) is a

rapidly progressive, life-threatening invasive
disease primarily caused by group A Streptococ-
cus (Streptococcus pyogenes) bacteria (1,2). After re-
laxation of nonpharmaceutical interventions for
COVID-19 in Japan, resurgence in STSS was ob-
served, coinciding with reports of M1UK lineage ex-
pansion (3). We conducted a nationwide molecular
epidemiologic study to clarify the contribution of
emm1 sublineages to this increase.

The Study

This laboratory-based study analyzed S. pyogenes iso-
lates from laboratory-confirmed STSS cases reported
across Japan during January 1, 2023-December 31,
2024. STSS is notifiable under Infectious Disease Con-
trol Law; surveillance is coordinated by the National
Institute of Infectious Diseases (NIID; Tokyo, Japan)
with prefectural public health institutes and sentinel

hospitals. We applied US Centers for Disease Control
and Prevention criteria: isolation of group A Strepto-
coccus from a normally sterile site plus clinical shock
with multiorgan involvement (4).

A total of 919 isolates were collected from 1,477
reported STSS cases, 186 isolates in 2023 and 733 in
2024. Coverage was 62.2% overall, 45.9% in 2023,
and 68.4% in 2024. Specimens from routine care were
submitted to 7 regional reference laboratories (Fuku-
shima, Tokyo, Kanagawa, Toyama, Osaka, Yamagu-
chi, and Oita) and NIID. Species identification was
performed using API 20 Strep (bioMérieux, https://
www.biomerieux.com), and Lancefield group deter-
mination used latex agglutination kits (Iwaki Cor-
poration, https://www.iwaki-kk.co.jp). The NIID
Ethics Review Board approved this public health
surveillance under Article 15 of the Infectious Disease
Law; individual consent was waived.

We performed emm genotyping by PCR and se-
quencing of the 5' region using primers emm-1/
emm-2 and sequencing primer emmseq2 with 180-
bp sequences matched to the CDC emm database
(5). We assessed speA and speC genes by primers de-
scribed previously (6). Among the emm1 isolates, we
identified M1, M1, ., M1 ., and Mlg]oba] lineages
using allele-specific PCR targeting single-nucleotide
polymorphisms (SNPs) in rofA, gldA, and pstB (7).

To investigate the differences between the M1,

strain and the M1 . strain, we amplified the
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upstream region of the speA gene using the M1UK
forward (cctagtctatacagccaaaaagc) primer and the
M1UK reverse (gcattgatggagctggtgge) primer and
sequenced them wusing the M1UKseql (tatacagc-
caaaaagcgagg) primer. We confirmed that mutations
observed in the M1, strain were not present in all
the strains obtained as M1, ., , which was consistent
with the results of allele-specific PCR targeting SNPs
in rofA, gldA, and ptsB. We conducted statistical anal-
yses in Ekuseru-Toukei version 4.10 (Social Survey
Research Information Co., Ltd, https://bellcurve.jp)
using t test for age and Fisher exact test for deaths; we
considered p<0.05 significant.

Among 919 STSS isolates, we identified
31 emm types, including 2 untypeable strains with sig-
nal sequence deletions (Appendix Table 1, https://
wwwnc.cde.gov/EID/article/32/11/26-0336-App1.
pdf). Type emml predominated (470/919, 51.1%),
followed by emm12 (12.3%), emm89 (11.5%), emm49
(7.9%), and emm81 (5.8%), accounting for >85% of iso-
lates overall (Appendix Figure 1, panel A). After ad-
justing for collection rates (Appendix Table 2), emm]1
increased markedly in 2024 (Appendix Figure 1, pan-
el B). National surveillance data showed emmI-asso-

Streptococcus pyogenes and Toxic Shock Syndrome

ciated STSS declined during 2020-2022 but rose after
mask policy relaxation (March 13, 2023), reaching 60-
80 cases/month during January-June 2024 (8,9). Most
other types (emm89, emm81, emm49) remained stable,
whereas emm12 also increased (Figure 1).

Among 470 emm1 isolates, we identified M1
(234 [49.8%]), M1 5\, (176 [37.4%]), and M1, (60
[12.8%]) lineages. Compared with 2019 (M1, , , >60%;
M1, 24%; M1, . 12%), 2023-2024 showed replace-
ment: M1, increased from 44% to 51% and M1 ..
from 29% to 39%, but M1 = decreased from 26%
to 11% (Appendix Figure 2). Each lineage rose after
mask relaxation (Figure 2).

Among the 470 emm1 isolates, 458 (97.4%) were
speA positive: 283 (60.2%) speA-only, 175 (37.2%)
both speA and speC, and 8 (1.7%), speC-only. Four
(0.9 %) were positive but for neither speA nor
speC. M1 mainly carried speA-only (202 [86.3%]),
M1, . harbored both genes (143 [81.3%]), and

govar Was predominantly speA-only (55 [90.2%])
(Appendix Table 3).

M1, ... infections occurred in younger patients
(average age 58.3 years; interquartile range [IQR]
43-75 years) and were associated with higher risk

Figure 1. Isolates of emm gene types by month in study of post-COVID-19 expansion of Streptococcus pyogenes lineages causing
toxic shock syndrome, Japan, 2023—-2024. y-axis indicates the number of calculated 100% isolates of each emm type: A) emm1; B)
emm89; C) emma81; D) emm49; E) emm12. Vertical lines separate pre—COVID-19, COVID-19, and post—-COVID-19 periods.
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Figure 2. Isolates of M1 lineages by month in study of post—-COVID-19 expansion of Streptococcus pyogenes lineages causing toxic
shock syndrome, Japan, 2023-2024. y-axis indicates the number of calculated 100% isolates of each lineage: A) M1 ,; B) M1 ; C)

M1globa‘. Vertical lines separate pre—~COVID-19, COVID-19, and post—-COVID-19 periods.

13SNPs’

for death (mortality rate 31.3%) than non-emml
cases isolated during the same period, in which the
average age was 62.7 (IQR 50-78) years and mortal-
ity rate 23.2%. M1, also affected younger patients
(average age 54.9 [IQR 41-69] years) but showed
comparable mortality rate (20.5%), whereas M1__
showed no significant differences in either age (av-
erage age 58.9 [IQR 46-72] years) or mortality rate
(20.0%) (Table 1).

M1, ... infections are associated with younger
patients and higher mortality rate. Because age is a
major determinant of STSS outcomes, we assessed the
association between age and mortality to confirm that
the observed differences in mortality were not influ-
enced by age. Although we observed no significant
differences in sex or age distribution between cases of
STSS caused by M1 ., .. and those caused non-emm1
strains (Table 2), mortality was significantly higher
in patients with M1, .., infections (31.3% vs. 23.2%;
odds ratio [OR] 1.51 [95% CI 1.02-2.22]). Age-strat-

ified analysis further revealed significantly higher

mortality in the M1 .. ., group among patients 25-39
years of age (OR 5.00 [95% CI 1.29-19.3]) and 70-84
years of age (OR 2.24 [95% CI 1.14-4.41]).

Conclusions

Nationwide surveillance links Japan's post-
COVID-19 STSS resurgence to expansion of emim1 S. pyo-
genes, driven by replacement of M1, with M1, and
M1, . lineages. That pattern parallels M1 increases
reported in Europe (9,10) and highlights the emergence
of M1, .., which was associated with higher mortality
than were non-emm1 strains, as well as diversity in speA/
speC profiles and a younger age distribution.

The temporal association with relaxation of non-
pharmaceutical interventions suggests increased op-
portunities for transmission in school and commu-
nity settings. Clinical heterogeneity observed among
emm]1 sublineages underscores the value of lineage-
level molecular surveillance for risk assessment.

Limitations of our study included 62% cov-

erage of reported cases, restriction to STSS cases,

Table 1. Clinical outcomes by lineage in study of post—-COVID-19 expansion of Streptococcus pyogenes causing toxic shock

syndrome, Japan, 2023-2024*

Lineage No. cases Average age (IQR), y p valuet No. (%) deaths p valuet
M1y 234 54.6 (41-69) <0.0001 48 (20.5) 0.4403
M1issnps 176 58.5 (43-75) 0.0391 55 (31.3) 0.0412
MZ1giopal 60 58.9 (46-72) 0.1158 12 (20.0) 0.7431
Non-emm1 449 62.7 (50-78) Referent 104 (23.2) Referent

*IQR, interquartile range.

By Fisher exact test, significant at p<0.05 comparison with non-emm~1. p values are unadjusted and should be interpreted with caution because they do
not account for potential confounding factors such as underlying conditions, disease severity, or differences in initial treatment.
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Table 2. Characteristics of patients with toxic shock syndrome by the causative strain of Streptococcus pyogenes, Japan, 2023—-2024*

Characteristic No. (%) M113snps  No. (%) with non-emm1  Crude RR (95% CI)  Crude OR (95% CI) p valuet
No. patients 176 449
Sex
M 94 (53.4) 273 (60.8) Referent Referent
F 82 (46.6) 176 (39.2) 1.09 (0.98-1.21) 1.35 (0.95-1.92) 0.1040
Age group, y
0-24 12 (6.8) 17 (3.8) 1.03 (0.99-1.08) 1.86 (0.87-3.98) 0.1368
25-39 22 (12.5) 39 (8.7) 1.04 (0.98-1.11) 1.50 (0.86-2.61) 0.1768
40-54 37 (21.0) 83 (18.5) 1.03 (0.85-1.13) 1.17 (0.76-1.81) 0.4985
55-69 43 (24.4) 118 (26.3) 0.98 (1.88-1.08) 0.91 (0.61-1.36) 0.6847
70-84 48 (27.3) 134 (29.8) 0.96 (0.87-1.08) 0.88 (0.60-1.30) 0.5579
>85 14 (8.0) 58 (12.9) 0.85 (0.89-1.00) 0.58 (0.32-1.07) 0.0944
Deaths
All ages 55 (31.3) 104 (23.2) 1.12 (1.00-1.25) 1.51 (1.02-2.22) 0.0412
0-24 0(0) 1(5.9) 0.94 (0.84-1.06) 0 1.0000
25-39 8 (36.4) 4(10.3) 1.41 (1.01-1.97) 5.00 (1.29-19.3) 0.0202
40-54 4 (10.8) 19 (22.9) 0.86 (0.74-1.02) 0.41 (0.13-1.30) 0.1395
55-69 13 (30.2) 22 (18.6) 1.17 (0.94-1.44) 1.89 (0.85-4.20) 0.1326
70-84 23 (47.9) 39 (29.1) 1.36 (1.01-1.82) 2.24 (1.14-4.41) 0.0217
>85 7 (50.0) 19 (32.8) 1.34 (0.77-2.33) 2.05 (0.63-6.70) 0.3525

*RR and OR between M1i3snes and non-emm1 are derived from univariate logistic regression analysis. OR and p values are unadjusted and should be
interpreted with caution because they do not account for potential confounding factors such as underlying comorbidities, disease severity, or differences

in initial treatment. OR, odds ratio; RR, risk ratio.
1By Fisher exact test.

limited study periods, and incomplete clinical data
use that required us to perform unadjusted analyses.
Although infection with M1 .., ., was associated with
higher mortality, that finding should be interpreted
cautiously because it might be affected by unmea-
sured confounding factors such as underlying condi-
tions, treatment differences, or disease severity. Our
results should therefore be considered exploratory
and do not establish an independent effect of the
M1, ., ... lineage on clinical outcomes.

Nonetheless, application of standardized national
methods to 919 isolates provided evidence of rapid lin-
eage replacement. We recommend continued molecu-
lar surveillance needed to monitor M1, and M1, ..
globally, identify emerging variants, and inform pub-
lic health responses to future S. pyogenes epidemics.
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Middle East Respiratory
Syndrome Coronavirus in Camels,
Kazakhstan, 2025

Aidyn Kydyrmanov,' Yermukhammet Kassymbekov, Sardor Nuralibekov, Temirlan Sabyrzhan,
Yelizaveta Khan, Marat Kumar, Aigerim Abdimadiyeva, Kobey Karamendin'

In 2025, a respiratory disease outbreak occurred among
camels in Kazakhstan. We detected Middle East respira-
tory syndrome coronavirus by using quantitative reverse
transcription PCR in 38 symptomatic camels, demon-
strating active circulation in Central Asia. Our findings
highlight the need for enhanced surveillance to assess
zoonotic transmission risk.

Middle East respiratory syndrome coronavirus
(MERS-CoV) is a zoonotic betacoronavirus pri-
marily found in dromedary camels and capable of caus-
ing severe respiratory disease in humans (1-3). MERS-
CoV circulates widely in camel populations in the
Arabian Peninsula and Africa (4), whereas data from
Central Asia remain limited. In Kazakhstan, serologic
investigations conducted in 2015 found no evidence of
MERS-CoV infection in camelids (5). A study published
in 2022, detected antibodies reactive to MERS or MERS-
like coronaviruses in both Bactrian and dromedary
camels, suggesting previous exposure without molecu-
lar evidence of active infection (6). Molecular testing of
48 asymptomatic camels sampled from the same popu-
lation in 2020 was negative for MERS-CoV (7), and no
viral RNA was detected in 13 samples collected from
symptomatic camels in the same herd in 2023. In late
November 2025, camel herders in the Mangystau region
of Kazakhstan reported a respiratory disease outbreak
affecting multiple herds. We investigated whether
MERS-CoV was circulating during that outbreak.

The Study

The Mangystau region in southwestern Kazakh-
stan, which borders Turkmenistan and Uzbekistan,
contains approximately one third of the country’s

Authors affiliation: Research and Production Center for Microbiol-
ogy and Virology, Almaty, Kazakhstan

DOI: https://doi.org/10.3201/eid3211.260394
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camel population (Figure 1). In western Kazakhstan,
camel production primarily involves extensive pas-
toral and seminomadic systems with seasonal ani-
mal movement, mixed dromedary-Bactrian herds,
and congregation at shared grazing areas and water-
ing points, which might enable pathogen transmis-
sion between herds.

The outbreak began in late November 2025, when
temperatures were below freezing. Affected animals
were predominantly dromedaries, although affected
Bactrian camels were also found in mixed herds.
Clinical signs included lacrimation, nasal discharge,
and intermittent cough, which were observed in both
juvenile and adult camels. Questionnaire data from
camel breeders and veterinary practitioners, indi-
cated similar respiratory disease in multiple areas of
Mangystau region, and comparable signs were also
reported by camel breeders in Turkistan region.

During December 1-18, 2025, we collected na-
sopharyngeal swab samples from 38 symptomatic
camels from multiple MERS-CoV-positive herds or
households in different settlements within the rural
district. That sampling accounted for ~1.2% of the
3,190 camels registered in the affected rural district.

We extracted viral RNA from the nasal swab
samples and evaluated for MERS-CoV RNA by using
1-step quantitative reverse transcription PCR (qRT-
PCR) targeting the upstream envelope (upE) and open
reading frame (ORF) 1a (8,9). All 38 samples tested
positive for MERS-CoV RNA with both assays (Ta-
ble). Cycle threshold (Ct) values for upE ranged from
23.14-33.09 (median 29.31), and for ORFla ranged
from 14.33-31.09 (median 25.89). Approximately 4
months after the outbreak, we collected follow-up na-
sopharyngeal swab and serum samples from 14 camels
in previously affected herds; all nasopharyngeal swabs

"These authors contributed equally to this work and share first and
last authorship.
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Figure 1. Choropleth representation of camel density used in a study of Middle East respiratory syndrome coronavirus camels,
Kazakhstan, 2025. Camel sampling sites and areas with anecdotal reports of symptomatic camels are shown. Colors indicate
animals/100 km? in Kazakhstan and surrounding countries. All spatial data processing, density calculations, and map visualization were
conducted by using QGIS (version 3.40.12, https://qgis.org). All spatial data were projected in by using the World Geodetic System 1984
(EPSG:4326). Map design displays geographic coordinates so that equal angular intervals of longitude and latitude are represented
uniformly, despite corresponding to different ground distances, producing an elongation of the study area.

were MERS-CoV-negative by qRT-PCR. To evaluate
potential causes of infection, we tested samples for in-
fluenza A and D viruses, bovine paramyxovirus, and
herpesviruses by using molecular assays; all results
were negative.

For molecular confirmation, we amplified partial
RNA-dependent RNA polymerase gene fragments
from a subset of MERS-CoV-positive samples by using
pancoronavirus RT-PCR assays (10), and sequenced
selected amplicons. We performed whole-genome se-
quencing for 1 representative virus and obtained com-
plete spike gene sequences from 4 outbreak-associated
viruses (11). Our whole-genome phylogenetic analy-
sis placed the Kazakhstan genome within clade B5,
clustering with contemporary camel-derived viruses
from Saudi Arabia and Egypt (2023-2024) (Figure 2).
Phylogenetic analysis of the 4 complete spike gene se-
quences placed the viruses from Kazakhstan within
the recently described B5-2023.4 sublineage, forming
a well-supported cluster with contemporary camel vi-
ruses from Saudi Arabia (Figure 3).

Comparison with recently available complete
MERS-CoV genomes showed that the viruses from
Kazakhstan shared spike protein substitutions P97L,
G198D, and L495P with contemporary B5-2023.4 vi-
ruses, although we did not identify the L450F sub-
stitution among the publicly available genomes
analyzed. Both L450F and L495P substitutions were
located within the receptor-binding domain.

We performed a recombination analysis by us-
ing Recombination Detection Program version

1908

4101 (http:/ /web.cbio.uct.ac.za/ ~darren/rdp.html),
which identified 2 putative recombination events
involving the Kazakhstan genome that were sup-
ported by multiple independent detection meth-
ods (Appendix 1, https://wwwnc.cdc.gov/EID/
article/32/11/26-0394-Appl.pdf). The inferred re-
combinant regions overlapped those previously re-
ported among contemporary B5 viruses from Saudi
Arabia, and 1 inferred parental lineage could not
be assigned with certainty (Appendix 2, https://
wwwnc.cde.gov/EID/article/32/11/26-0394-App2.
xlsx). Our findings are consistent with the recurrent
within-lineage recombination previously described
(12). However, additional complete genome sequenc-
es are required to determine the frequency and evo-
lutionary significance of those recombination events
in Central Asia.

Conclusions

We provided molecular evidence of active MERS-
CoV infection in camels in Kazakhstan, extending
the documented geographic range of virus circula-
tion into Central Asia. Earlier regional investigations
detected serologic reactivity without RNA confirma-
tion (6), and nationwide screening conducted during
2020-2021 did not find MERS-CoV antibodies in sam-
pled camels (7). The detection of MERS-CoV RNA
during the 2025 outbreak suggests active infection in
camel populations in Kazakhstan. That detection also
likely reflects targeted sampling of acutely symptom-
atic animals exhibiting extensive nasal discharge and
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coughing, with clinical signs occasionally linked to
MERS-CoV, particularly in younger camels (9).

We detected MERS-CoV RNA in both juvenile
and adult camels. Although viral RNA is often de-
tected more frequently in juveniles in endemic set-
tings, adult camels remain susceptible to infection
and reinfection, with differences in detection patterns
likely reflecting levels of preexisting immunity and
duration of viral shedding (13). The occurrence of
infection across multiple age groups in this outbreak
is consistent with active virus transmission within af-
fected herds. Together, those findings indicate that ac-
tive MERS-CoV infection occurs in camel populations
in Kazakhstan and highlight the need for expanded
surveillance to better define its epidemiology.

Our whole-genome and spike gene phylogenetic
analyses placed the viruses from Kazakhstan within

MERS-CoV in Camels, Kazakhstan, 2025

the contemporary B5-2023.4 sublineage of MERS-CoV
circulating among camels in the Arabian Peninsula.
Previous studies have suggested enhanced replication
and transmission fitness for some clade B MERS-CoV
lineages from the Arabian Peninsula (14). Although
the viruses from Kazakhstan clustered with contempo-
rary Arabian B5 lineage viruses, the available genomic
data do not permit inference of viral phenotype or
transmissibility. Detection of a closely related lineage
in a region with limited molecular evidence of active
MERS-CoV circulation highlights the need for contin-
ued surveillance and genomic characterization.

Our genomic analyses revealed that most spike
protein substitutions identified in the viruses from Ka-
zakhstan have previously been reported among con-
temporary B5-2023.4 viruses, whereas the L450F substi-
tution was not identified among the publicly available

Table. Results of quantitative reverse transcription PCR of nasopharyngeal swab samples positive for Middle East respiratory

syndrome coronavirus, Kazakhstan, 2025*

Camel species Age,y Consistent clinical signs UpE, Ct ORFla, Ct RdRp, bp Sequencedt
Dromedary 12 Nasal discharge 27.94 24.13 760 NA
Dromedary 10 Nasal discharge 30.80 26.60 760 NA
Bactrian <1 Nasal discharge 29.37 25.29 760 NA
Bactrian 6 Nasal discharge 26.90 22.50 760 760-nt RARp
Dromedary 4 Nasal discharge 34.30 30.13 NA NA
Dromedary 13 Nasal discharge 33.40 29.78 NA NA
Dromedary 10 Nasal discharge 31.65 28.25 NA NA
Dromedary 12 Nasal discharge 27.20 22.30 760 760-nt RdRp and full spike gene
Bactrian 12 Nasal discharge 28.43 25.97 440 440-nt RdRp and full spike gene
Bactrian 8 Nasal discharge 30.60 27.00 440 440-nt RdRp
Bactrian 12 Nasal discharge 28.90 24.70 NA NA
Dromedary <1 Nasal discharge 23.56 20.66 760 Whole genome
Dromedary <1 Nasal discharge 26.55 22.40 760 NA
Bactrian 7 Nasal discharge 31.19 26.41 NA NA
Dromedary 9 Nasal discharge 28.70 25.10 NA NA
Dromedary 10 Nasal discharge 29.05 22.22 NA NA
Bactrian 8 Nasal discharge 32.10 28.02 NA NA
Dromedary 10 Nasal discharge 23.82 14.33 760 Full spike gene
Dromedary <1 Nasal discharge 33.09 30.61 760 NA
Dromedary 14 Nasal discharge 28.93 26.63 760 NA
Dromedary 6 Nasal discharge 30.40 27.10 760 NA
Dromedary <1 Nasal discharge 29.82 26.29 NA NA
Dromedary 12 Nasal discharge 31.20 27.29 NA NA
Dromedary 12 Nasal discharge 33.00 29.50 NA NA
Dromedary 10 Nasal discharge 29.13 25.97 NA NA
Dromedary 10 Nasal discharge 29.30 25.40 NA NA
Dromedary 10 Nasal discharge 25.99 22.73 760 NA
Dromedary 14 Nasal discharge 28.60 24.70 760 NA
Dromedary 9 Nasal discharge 23.14 31.09 NA NA
Dromedary 8 Nasal discharge 32.80 29.32 NA NA
Dromedary 7 Nasal discharge 30.00 27.47 NA NA
Dromedary 13 Nasal discharge 33.50 29.59 NA NA
Dromedary 13 Nasal discharge 31.76 30.46 NA NA
Dromedary 8 Nasal discharge 28.80 25.10 NA NA
Dromedary 9 Nasal discharge 26.76 24.41 NA NA
Dromedary 3 Nasal discharge 25.22 23.25 NA NA
Dromedary 5 Nasal discharge 29.32 25.33 NA NA
Dromedary 7 Nasal discharge 28.40 25.72 NA NA
Median Ct 20.31 25.89 NA NA

*bp, base pair; Ct, cycle threshold; nt, nucleotide; NA, not applicable; ORF1a, open reading frame 1a; RdRp, RNA-dependent RNA polymerase; UpE,

upstream envelope protein.

TRdRp was amplified by using pancoronavirus RT-PCR and then selected amplicons were sequenced.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 32, No. 11, November 2026
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Figure 2. Whole-genome phylogenetic
analysis of MERS-CoV detected in
camels, Kazakhstan, 2025. Complete
genome sequences were aligned

by using MAFFT version 7
(https://mafft.cbrc.jp/alignment/software).
Maximum-likelihood phylogenetic trees
were reconstructed in IQ-TREE
(https:/ligtree.github.io) by using the
best-fit nucleotide substitution model
selected by ModelFinder, and branch
support was assessed with 1,000
bootstrap replicates. Black triangle
indicates MERS-CoV sequence from
Kazakhstan (GenBank accession

no. PZ439299). Scale bar indicates
nucleotide substitutions per site.
MERS-CoV, Middle East respiratory
syndrome coronavirus.
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Figure 3. Spike gene phylogenetic analysis of
MERS-CoV detected in camels, Kazakhstan, 2025.
Maximum-likelihood phylogenetic tree inferred

from full-length spike gene nucleotide sequences

of representative MERS-CoV strains. Sequences
were aligned by using MAFFT version 7 (https://
mafft.cbrc.jp/alignment/software) and the phylogeny
was reconstructed by using IQ-TREE (https://igtree.
github.io). Black triangles indicated sequences

from Kazakhstan obtained in this study (GenBank
accession nos. PZ439299, PZ450434, PZ450435,
PZ450436). The Kazakhstan sequences clustered
within clade B5 along with contemporary camel-
derived strains from the Arabian Peninsula. Numbers
at nodes indicate percent bootstrap support values
on the basis of 1,000 replicates. Scale bar indicates
nucleotide substitutions per site. MERS-CoV, Middle
East respiratory syndrome coronavirus.

genomes included in our analysis. Recombination anal-
ysis suggested 2 putative recombination events. How-
ever, the biologic and evolutionary implication of those
findings require further investigation.

Although the available sequence data do not per-
mit determination of the geographic origin or direc-
tionality of virus movement, the Mangystau region
lies within regional livestock movement networks
connecting Central Asia with neighboring regions.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 32, No. 11, November 2026

Animal movement, livestock exchange, and increasing
connectivity with the Arabian Peninsula might enable
transboundary dissemination of zoonotic pathogens.
Those findings highlight the need for coordinated sur-
veillance and genomic monitoring of camel popula-
tions and exposed persons across Central Asia.

The outbreak occurred during winter conditions,
in contrast to seasonal peaks often reported in warmer
months in endemic regions (15). Whether climatic
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conditions influence viral stability, host susceptibil-
ity, or transmission dynamics in temperate continen-
tal environments remain to be investigated.

In conclusion, detection of active viral shedding
in camels within a high-density livestock region bor-
dering several countries emphasizes the potential for
zoonotic spillover. No human MERS cases were iden-
tified in connection with the 2025 camelid outbreak
in Kazakhstan. However, continued molecular sur-
veillance and expanded genomic characterization of
camel MERS-CoV are needed to better define viral di-
versity, transmission dynamics, and potential public
health risks in the region.
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Alignment-Free Tool for
Assemblies and Reads in Genomic
Surveillance of Tuberculosis

Paula Ruiz-Rodriguez, Mireia Coscolla

Whole-genome sequencing strengthens tuberculosis
surveillance, but incomplete lineage schemes can mis-
classify isolates. We developed Pathotypr, an align-
ment-free tool for assemblies and reads, using 2,145
markers derived from 26,813 genomes. Across 88,071
samples, Pathotypr improved concordance, expanded
uncommon lineage coverage, and detected resistance
markers, supporting molecular epidemiology and public
health surveillance.

According to the World Health Organization,
tuberculosis caused an estimated 1.23 million
deaths in 2024 (https://www.who.int/teams/glob-
al-programme-on-tuberculosis-and-lung-health/
tb-reports/ global-tuberculosis-report-2025). Whole-
genome sequencing can strengthen disease control
by linking cases, detecting resistance, and distin-
guishing local transmission from repeated introduc-
tion; however, those benefits depend on results that
are both rapid and comparable. The Mycobacterium
tuberculosis complex (MTBC) currently includes 10
human-adapted lineages (L1-L10) and 4 animal-
adapted clades (A1-A4), and several uncommon or
recently described groups remain sparsely sampled
or absent from some typing schemes (1-5). When a
scheme does not represent that diversity, isolates
may remain unclassified or be assigned to the near-
est available label. Differences in sequencing access
and reporting remain broader challenges across pro-
grams in Europe, but a shared and current lineage
framework is still essential wherever genomic sur-
veillance is used (6,7).

We developed Pathotypr as an open-source,
alignment-free software that accepts assembled
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genomes or raw short reads and returns lineage as-
signments, World Health Organization-cataloged
resistance-associated variants, and a closely related
reference genome for downstream analysis. Assem-
blies can be classified from phylogenetic markers
or an independent k-mer model, whereas reads are
screened directly for lineage and resistance markers
and can return >1 supported lineage when mixed
signals are present. We evaluated those functions
in independent datasets, an 88,071-sample bench-
mark, and 7,148 genomes from the Comprehensive
Resistance Prediction for Tuberculosis: an Inter-
national Consortium (CRyPTIC) dataset (Appen-
dix, https://wwwnc.cdc.gov/EID/article/32/11/
26-1074-Appl.pdf).

The Study

To extract lineage phylomarkers, we obtained a maxi-
mum-likelihood phylogeny of 26,813 MTBC genomes
and 609,003 polymorphic sites, which placed L1-L10
and Al1-A4 within 1 evolutionary backbone and ex-
posed the marked underrepresentation of certain
lineages (Figure 1, panel A). We then mapped sub-
stitutions to branches and selected single-nucleotide
polymorphisms (SNPs) on the stem branch leading to
each monophyletic lineage or clade. After removing
3,039 missense variants and 454 homoplastic nonmis-
sense variants, 2,145 of 5,638 candidates remained as
lineage-defining markers. A variable overlap of lin-
eage markers occurred with other tools, ranging from
no overlap to 698 (62.8%) with TB-Profiler (https://
tbdr.Ishtm.ac.uk) and 1,750 (12.9%) with SNP-IT
(https:/ / github.com/samlipworth/snpit)  (Appen-
dix Table 1). Pathotypr lineage-defining markers
comprised 33%-46% of total SNPs across lineages,
supporting the filtering approach (Figure 1, panel B).
However, the small number of genomes for L7-L10
and A1-A3 might be missing diversity not sampled
to date.

1913



DISPATCHES

Pathotypr uses 3 modules for lineage assignment
(Figure 2). The Predict module assigns lineages to ge-
nome assemblies using the k-mer-based Random For-
est algorithm generated by the Train model, and the
Classify and Split-FASTQ modules assign lineages
on the basis of SNP markers to assemblies (Classify)
and raw sequencing reads (Split-FASTQ). First, we
compared lineage assignments by Predict and Clas-
sify with the phylogenetic placement of 498 complete
RefSeq genomes: Predict matched the phylogenetic
lineage in all 498 genomes, and Classify assigned 497.
The unassigned genome did not contain the complete
marker path required for a call, which could reflect as-
sembly gaps or errors at diagnostic marker positions.
Next, Predict and Classify successfully returned the
same major-lineage assignment for all 254 chromo-
some-level assemblies that were not used to train
the Random Forest. Finally, Split-FASTQ assigned
all 162 clinical read datasets to the expected lineage.
Those results show the specific role of each module:
Classify provides traceable SNP-based assignments,

Predict offers an alternative when the marker path
is incomplete, and Split-FASTQ extends the lineage
framework directly to short reads (Appendix Table 2,
Figure 1).

Because the reference choice for read mapping
can affect genome coverage and variant calls, we de-
veloped and tested Pathotypr’s fourth module, Match
Ref, a lineage-aware reference selection (8,9). Across
162 clinical read sets, mapping to the reference select-
ed by Pathotypr reduced nonfixed SNPs by a median
of 89% relative to the MTBC ancestral reference and
increased median coverage breadth by 0.84 percent-
age points (9) (Appendix Figure 2).

To test whether the new lineage framework
could be applied to surveillance-scale datasets, we
typed 88,071 UShER-TB samples (10; L.M. Karim et
al, unpub. data,_https://www.medrxiv.org/conte
nt/10.1101/2025.07.22.25331806v1) with Pathotypr
module Split-FASTQ (=24 hours using 4 threads). To
compare typing results with TB-Profiler, we excluded
1,290 genomes with multiple lineage calls from the

Figure 1. Development and implementation of the lineage framework for Pathotypr, an alignment-free tool for assemblies and reads
in genomic surveillance of tuberculosis. A) Maximum-likelihood phylogeny of 26,813 Mycobacterium tuberculosis complex genomes,
showing L1-L10 and A1-A4. B) Selection of 2,145 lineage-defining markers from 5,638 candidate variants after excluding missense and

homoplastic variants. SNP, single-nucleotide polymorphism.
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Tool for Genomic Surveillance of Tuberculosis

Figure 2. Schematic overview of the 5 modules grouped into 3 functional categories—machine learning, genotyping, and utilites—in
developing Pathotypr, an alignment-free tool for assemblies and reads in genomic surveillance of tuberculosis. A) Workflow and data flow
across the 5 modules. The Train and Predict modules perform machine learning—based lineage classification; Split-FASTQ and Classify provide
alignment-free genotyping from sequencing reads or genome assemblies; and Match identifies the closest reference genome using k-mer
containment. B) Summary of the input data, analytical method, and primary output of each module. SNP, single-nucleotide polymorphism.

comparison. Although only 698 (62.8%) of the TB- directly comparable sample (Appendix Table 3).
Profiler lineage markers were shared with Pathotypr, Pathotypr additionally identified 2 L10, 6 Al, and
both tools assigned the same major lineage to every 23 A2 isolates that were not identified with the

Table. Comparison of Mycobacterium tuberculosis complex genomic analysis tools, showing main analytical approach, accepted input
formats, use of alignment, lineage resolution and taxonomic coverage, drug-resistance reporting, and approximate runtime*

Tool Reference Method Input AF Coverage DR  Runtimet Interface
Pathotypr This study k-mer + RF FA; FQ(.02) Yes L1-L10; A1-A4  Yes =1s Desktop;
CLI
TB-Profiler (10) Mapping + SNP DB FQ; BAM,; No L1-L9; A3-A4 Yes 3-10 min Web; CLI
VCF
Mykrobe (11) de Bruijn graph FQ Yes L1-L6 Yes =3 min  Desktop;
CLI
SNP-IT (12) SNP panel FA; VCF No L1-L7; animal No 1-2 min CLI
MTBC
fastlin (13) Split k-mer FA; FQ; BAM  Yes L1-L9; A4 No <5s CLI,
binary
KvarQ (14) Targeted k-mer FQ Yes L1-L7; A4 Yes ~2 min  Desktop;
CLI
MTBseq (15) Mapping + SNP FQ.gz No Major MTBC Yes =42 min CLI
panel groups
MAGMA (16) Mapping + cohort PE-FQ No TB-Profiler DB Yes 79/4 ht  Nextflow;
calling CLI

*AF, alignment-free; CLI, command-line interface; DR, drug-resistance prediction; FA, FASTA; FQ, FASTQ; PE, paired-end; RF, Random Forest; SNP
DB, curated SNP database.

TRuntime values were obtained with different datasets, hardware, sequencing depths, and software settings and are shown only for context; they do not
constitute a controlled benchmark. Only the Pathotypr runtime was measured in this study.

FReported for 79 samples processed in =4 h.
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DISPATCHES

Figure 3. Resistance-informed surveillance analysis of 7,148 CRyPTIC isolates in developing Pathotypr, an alignment-free tool for assemblies
and reads in genomic surveillance. A) Probable introductions from non-Europe ancestral states into Germany, Italy, and Ukraine. AMI,
amikacin; B) Number and resistance profiles of descendant isolates by source—destination pair; C) Performance of WHO confidence group
1-2 resistance markers compared with phenotypic drug-susceptibility results. BDQ, bedaquiline; CFZ, clofazimine; DLM, delamanid; DR, drug
resistance; EMB, ethambutol; ETH, ethionamide; EV, introduction events; INH, isoniazid; KAN, kanamycin; LEV, levofloxacin; LZD, linezolid;
MDR, multidrug-resistant; MXF, moxifloxacin; NPV, negative predictive value; pan-S, pansusceptible; PPV, positive predictive value; R,
resistant; RFB, rifabutin (genotypic resistance predicted from rifampin-associated variants); RIF, rifampin; XDR, extensively drug-resistant.

TB-Profiler marker set. TB-Profiler misclassified 1
L10 isolate as Lal.5/M. bovis and left the other L10
genome and Al and A2 genomes unassigned. Com-
pared with 7 other MTBC genomic analysis tools,
Pathotypr uniquely combined rapid k-mer/Random
Forest classification (=1 s), support for both FASTA
and FASTQ file type inputs, drug-resistance predic-
tion, desktop and command-line interfaces, and the
broadest lineage coverage (L1-L10 and A1-A4), and
still maintained sublineage resolution (Table).
Pathotypr’s Split-FASTQ Classify module
complements lineage assignment by reporting
World Health Organization-cataloged resistance-
associated variants alongside the lineage call in
assemblies with different coordinates, as illustrat-
ed across the 498-genome validation phylogeny

1916

(Appendix Figure 1). For 7,148 CRyPTIC iso-
lates, we generated categorical resistance pro-
files from World Health Organization confidence
groups 1 and 2 and compared them with pheno-
typic drug-susceptibility results. Genotypic and
phenotypic resistance profiles agreed for 86.4%
of isolates, and severe disagreement, defined as a
difference of >3 levels between the genotypic and
phenotypic profiles, occurred in 1.4%. Multidrug-
resistant or pre-extensively drug-resistant status
was assigned with 93.5% sensitivity and 92.3%
positive predictive value. Agreement was lowest
for bedaquiline, clofazimine, delamanid, and li-
nezolid, for which most phenotypically resistant
isolates carried variants of uncertain significance or
no cataloged variant (Figure 3, panel A).
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We next used the 7,148-isolate CRyPTIC data-
set to examine how Pathotypr-Split-FASTQ outputs
could contribute to public health surveillance. Lin-
eage assignments formed monophyletic groups in
the annotated phylogeny (Appendix Figure 3), and
ancestral-state reconstruction inferred 135 probable
transitions from non-Europe ancestors into Ger-
many, Italy, or Ukraine, comprising 590 descendant
isolates (Figure 3, panels B and C). Among these
590 isolates, 195 (33.1%) had multidrug-resistant
or pre-extensively drug-resistant genotypes, com-
pared with 5.5% of the remaining Europe isolates in
the dataset. Because CRyPTIC is enriched for drug-
resistant isolates, is not population-based, and, after
restriction to isolates with a documented country of
origin and collection date, includes only Germany,
Italy, and Ukraine as recipient countries in Europe,
those proportions should not be interpreted as na-
tional estimates of importation or transmission.
Rather, the analysis illustrates how standardized
lineage and resistance outputs can be combined
with other tools to identify cross-border clusters that
merit epidemiologic follow-up (17).

Conclusions
The central scientific advance of this study is a phy-
logeny-derived lineage framework that represents
the recognized diversity of the MTBC, with Pathot-
ypr as the software system we developed to make
that framework usable in genomic surveillance. This
system’s 2,145 markers provide a traceable and ex-
tensible basis for assigning common and uncommon,
human-adapted and animal-adapted groups, and the
independent k-mer model preserves classification
when direct marker detection is incomplete. By ana-
lyzing assemblies and reads without a conventional
mapping workflow, reporting multiple supported
lineages in mixed samples, and selecting a closely
related reference genome, Pathotypr reduces unre-
solved or inappropriate assignments and places resis-
tance results within a consistent evolutionary context.
Broad lineage coverage, rapid processing, stan-
dardized resistance reporting, and lineage-aware ref-
erence selection make Pathotypr a practical route from
sequence data to comparable surveillance results. Our
platform’s low memory requirements, desktop graphi-
cal interface, and command-line implementation make
the same workflow accessible to laboratories with lim-
ited bioinformatics infrastructure while supporting
automated analysis of large collections. Those features
can improve reporting across laboratories, recognition
of uncommon introductions, outbreak review, and pri-
oritization of resistant cross-border clusters.
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Computational analyses were performed on the Garnatxa
high-performance computing cluster at the Institute for
Integrative Systems Biology (Paterna, Spain), a joint
research center of the University of Valencia and the
Spanish National Research Council.

Pathotypr is distributed free of charge as open-source
software under the GNU General Public License v3.
Pathotypr source code and documentation are available
from the PathoGenOmics-Lab GitHub repository
(https:/ / github.com/PathoGenOmics-Lab/ pathotypr).
The phylogenetic marker set is deposited in Zenodo
(https:/ /zenodo.org; https:/ /doi.org/10.5281/zenodo.
19210043). Accession-level data and supplementary
datasets are available at https:/ /doi.org/10.5281/
zenodo.20630545.
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We detected influenza A virus antibodies in plasma col-
lected from East Greenland polar bears during subsis-
tence hunts in 2024 (3/14 [21%]) and 2025 (6/14 [43%]).
Four bears from 2025 had antibodies for the globally
emerging highly pathogenic avian influenza virus H5
clade 2.3.4.4b, consistent with survival after exposure.

Highly pathogenic avian influenza (HPAI) is an
emerging ecologic and public health threat in the
Arctic (1). Seasonal bird migrations to Arctic nesting
grounds create a hot spot for HPAI outbreaks, amplify-
ing interspecies interactions and the risk for viral reas-
sortment and dissemination across migratory flyways
(1). Recent detection of HPAI in wild Arctic mammals,
along with their nutritional and cultural relevance for
Indigenous peoples, emphasizes a strong need for sur-
veillance in Arctic ecosystems (2-4).

Polar bears (Ursus maritimus) are Arctic apex
predators that face increased challenges associated
with their ecologic position at the interface between
marine and terrestrial ecosystems. Climate warming
and the subsequent loss of sea ice leads to increased
time spent on land and exposure to terrestrial patho-
gens through the exploitation of new food sources
(5). Cases of deceased polar bears infected with
HPAI have been reported in Alaska, USA (H5N1 in
2023), and Svalbard, Norway (H5N5 in 2026), em-
phasizing that these emerging viruses may pose a
risk to Arctic species (2,6).

As part of an ongoing collaboration with Indig-
enous hunters, heart blood was collected during
subsistence harvests from polar bears that appeared
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healthy near Scoresby Sound (Ittoqqortoormiit) in
East Greenland (Appendix Figure, https://wwwnc.
cdc.gov/EID/article/32/11/26-1050-Appl.pdf) dur-
ing the hunting season (January-May). We screened
109 plasma samples (collected during 2016-2025) for
antibodies against all influenza A viruses by using a
competitive ELISA (cELISA) that targets the influen-
za A virus (IAV) nucleoprotein (ID Screen Influenza
A Antibody Competition Multi-Species; Innovative
Diagnostics, https://www.innovative-diagnostics.
com), according to the manufacturer’s instructions.
We detected no IAV antibodies before 2024. Three
bears (all male) harvested during 2024 had signal-to-
noise values within the positive range (<45%) of the
cELISA (21% [95% C18%-48%]; n = 3/14); the number
increased to 6 bears (5 male, 1 female) in 2025 (43%
[95% CI21%-67%]; n = 6/14) (Appendix Table).

We conducted further screening on positive
samples (n = 9) and a subset of negative samples
(n = 3) by using a hemagglutination inhibition as-
say that used horse red blood cells (Rockland Im-
munochemicals, https://www.rockland.com), as
described by Kayali et al. (7), with minor modifica-
tions. In brief, we heat-inactivated plasma at 56 °C
for 30 minutes, then hem-adsorbed it and treated it
with receptor-destroying enzyme. We used avian
influenza viruses representative of H5 and H7 sub-
types in the assay (Table). Plasma from 4 animals
harvested in 2025 that were positive for IAV anti-
bodies on the cELISA were positive (>1:40) for anti-
bodies to H5N1 viruses falling within clade 2.3.4.4b
on the hemagglutination inhibition assay, suggest-
ing that the animals had been exposed to an HPAI
virus in this clade (Table).

We first detected IAV antibodies in East Green-
land polar bears in 2024 and antibodies to the high-
ly pathogenic H5 clade 2.3.4.4b in 2025. H5N5 and
H5NT1 strains were previously confirmed in sea birds
(including Uria aalge [H5N1 in 2022], Larus hyper-
boreus [H5N5 in 2023], Fulmarus glacialis [H5NS in
2023 and 2024], and Larus marinus [H5N5 in 2024])
from the west coast of Greenland (8,9), consistent
with our findings of evidence of IAV exposure in
East Greenland polar bears in 2024. Positive bears
probably were exposed during the summer-fall
bird migration the year before the bears were har-
vested, given that migratory birds are absent dur-
ing the polar bear hunting season. Hunters reported
no clinical signs, suggesting that bears can recover
from HPAI infection. That finding is consistent with
the high prevalence reported in our study and sur-
vival of the bears for months after the departure of
migratory birds. Although cross-reactivity with low
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Table. Antibodies detected for influenza A viruses and H5 viruses in 12 polar bears sampled in the Ittogqortoormiit region of East
Greenland during 2024-2025 and submitted to the Canada’s National Microbiology Laboratory for screening*

HI assayt
A/British_Columbia/PHL2032/ A/Texas/37/2024  A/Vietnam/1203/2004 A/Anhui/01/13
Bear ID Sex Year  cELISAT 2024 (clade 2.3.4.4b H5) (clade 2.3.4.4b H5) (clade 1 H5) (H7N9)
63931 M 2024 3 20 <20 <20 20
63938 M 2024 8 <20 <20 <20 <20
63942 M 2024 32 <20 <20 <20 <20
67552 M 2025 10 40 40 5 <5
67554 F 2025 24 20 10 <5 <5
67555 M 2025 5 160 40 <5 <5
67556 M 2025 40 20 10 <5 <5
67559 M 2025 10 80 80 5 <5
67563 M 2025 31 160 160 20 <5
67560 M 2025 98 <5 <5 <5 <5
67561 M 2025 71 10 5 <5 <5
67565 M 2025 96 <5 <5 <5 <5

*Bold font indicates a positive result. cELISA, competitive ELISA; HI, hemagglutination inhibition.

TCELISA results (ID Screen Influenza A Antibody Competition Multi-Species; Innovative Diagnostics, https://www.innovative-diagnostics.com) are
represented as the signal-to-noise ratio, i.e., (optical density of the sample/average optical density of the negative controls) x 100.

IHI assay results are represented as the endpoint dilution factor (2-fold serial dilution).

pathogenic H5 subtypes is possible, plasma from
all 4 seropositive bears inhibited hemagglutination
of viruses within clade 2.3.4.4b (not observed when
tested against clade 1) (Table). That finding strongly
supports infection with a virus from clade 2.3.4.4b,
which is exclusively an HPAI lineage.

HPAI spillover to mammalian hosts typi-
cally occurs through ingestion of infected birds
or through contaminated environments (1,3,10).
Transmission to wild mammals may involve mul-
tiple mechanisms, including direct contact through
mucosal or nasal secretions, scavenging dead birds
or bird eggs or infected mammals, and mother-to-
offspring transmission through lactation (Figure)
(10). Further studies are needed to identify which
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mechanisms are relevant for polar bears, although
the most likely route is by eating dead or infected
birds and mammals.

Greenland links the East Atlantic and the North
American Atlantic flyways (Appendix Figure), and
increased surveillance in this region may provide
effective early warning signs of HPAI dissemina-
tion. Our findings indicate that East Greenland
polar bears have been exposed to HPAI in recent
years, consistent with the timeline of prior reports
of HPAI in birds along the linked migratory super-
highways (3,8,9). This carnivore may be an ideal sen-
tinel for emerging HPAI in Arctic ecosystems, given
that polar bears opportunistically scavenge coastal
nests, birds, and marine mammals as they face

Figure. Potential mechanisms
of transmission for highly
pathogenic avian influenza
viruses to polar bears, including
direct contact through mucosal
or nasal secretions, scavenging
dead birds or bird eggs, eating
infected mammals, and mother-
to-offspring transmission
through lactation. Image
created by using BioRender
(https://www.biorender.com).
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nutritional stress associated with sea ice loss (2,5).
Our study also highlights the strength of collabora-
tion between scientists and local subsistence hunters,
emphasizing the need for future research that incor-
porates diverse perspectives and cultural practices
to effectively monitor the health of wildlife in these
remote regions.
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We report on an immunocompromised patient in south-
east France who sought care for fever, knee arthritis, and
skin erythema. Blood and joint samples were positive for
Spiroplasma turonicum, an intracellular gram-negative
bacterium generally found in plants, insects, and ticks.
Clinicians should be aware of possible S. turonicum in-
fection in immunocompromised patients.

Spiroplasma spp. are intracellular microorganisms
belonging to the Mollicutes class and Spiroplas-
mataceae family, which also includes Mycoplasma
spp. bacteria (1). Spiroplasma spp. bacteria require
special substrates for growth in laboratory, and di-
agnosis often relies on use of genetic methods (2).
Plants, insects, and ticks are known Spiroplasma bac-
teria reservoirs (3).

Human infections are extremely rare, and Spi-
roplasma species differ according to vectors. For in-
stance, 2 cases of S. ixodetis infections in Sweden were
described in immunocompromised patients after tick
exposure (4); 1 case of human infection with S. apis, a
species generally associated with honeybees, was de-
scribed in France after the patient was stung by a hor-
net-like insect (5); and 1 case was reported in Spain of
human infection with S. turonicum, which generally
colonizes in Haematopota spp. horseflies (3,6). We re-
port a case of S. turonicum systemic infection associ-
ated with knee arthritis in an immunocompromised
patient in France. The patient gave written consent to
describe her case.

In November 2025, a 61-year-old woman sought
care in Cannes Hospital, in southeast France, for a
10-day history of left knee pain. Her primary under-
lying condition was IgA lambda multiple myeloma,
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diagnosed in 2017, initially treated with autograft.
Since 2024, she had been receiving teclistamab, a
monoclonal antibody acting as a proteasome and
CD38 inhibitor.

At admission, the patient had an inflamed, pain-
ful left knee with functional impairment. Laboratory
results showed elevated blood inflammatory mark-
ers, including C-reactive protein values at 83 mg/L
(reference <5 mg/L), and serum protein electropho-
resis revealed severe hypogammaglobulinemia (5.6
g/L, reference range 7.8-13.2 g /L), with undetectable
IgA and IgM. She had inflammatory signs on the left
knee, and positron emission tomography showed a
hyperfixation in the popliteal region of the left leg.

A knee aspiration revealed the presence of in-
flammatory cells (16,800 white cells/mL, most of
which were polynuclear neutrophils). We cultured
knee aspirate in blood culture bottles and incubated
at 35°C in a BacT/ALERT 3D system (bioMérieux,
https:/ /www .biomerieux.com); after 48 hours, the
cultures flagged as positive. Gram stain of cultures
showed tiny gram-negative spiral-shaped bacteria.
Subcultures on blood agar plates for 48 hours showed
several small zones of 3-hemolysis with no macro-
scopic colony growth. Matrix-assisted laser desorp-
tion/time-of-flight mass spectrometry using MALDI
Biotyper (Bruker Daltonics GmbH, https://www.
bruker.com) failed to identify the bacterium. At the
same time, blood samples drawn from the patient
were cultured and showed the same gram-negative
spiral-shaped bacteria.

Cytologic analysis of tissue samples collected dur-
ing the arthroscopic lavage and debridement showed
numerous polynuclear neutrophil cells, without any
infiltration by cancer cells (Figure 1). PCR specific for
Campylobacter spp. and Helicobacter spp. on the knee
aspirate yielded negative results.

The patient was started on empirical carbapen-
ems antibiotic therapy after an arthroscopic lavage
and debridement of the popliteal nodular lesion.
Blood inflammatory markers partially improved, but
local inflammatory signs in the left knee persisted. A
second arthroscopic lavage was performed 3 weeks
after the first, and joint liquid analysis revealed the
same inflammatory aspect; cultures were positive
for gram-negative spiral-shaped bacteria but unrec-
ognized by matrix-assisted laser desorption/time-
of-flight mass spectrometry. After the surgery, the
patient had several large asymptomatic annular skin
erythema develop on her trunk, arms, and legs that
lasted <48 hours (Figure 2).

Finally, we performed 165 rRNA gene sequenc-
ing on the joint liquid and identified the bacterium

Emerging Infectious Diseases *« www.cdc.gov/eid ¢ Vol. 32, No. 11, November 2026



RESEARCH LETTERS

Figure 1. Histology of synovial sample of the left knee from an immunocompromised patient diagnosed with systemic Spiroplasma
turonicum infection, France, 2025. Images show hematoxylin and eosin stain of polymorphous synovial inflammatory infiltrates.
Polymorphous inflammatory granulomas are characterized by different white blood cell lineages in the knee synovial tissue. A) Original

maghnification x2.5; B) original magnification x5.

as S. turonicum. According to previous literature (4,6),
the patient was promptly started on a dual antibiotic
therapy with doxycycline and levofloxacin, after
which blood markers and local inflammatory signs
progressively improved.

Because horseflies generally are the main S.
turonicum bacteria vector, we asked the patient about

the possible contact with horses. She cited a short stay
in the inland region of Nice, in southeast France, with
a visit to a horse ranch.

After 6 days of doxycycline and levofloxacin
treatment and improved blood markers, the patient
was discharged home and completed a 6-week course
of antibiotics. She returned for outpatient follow-up 4

Figure 2. Skin annular erythema on an immunocompromised patient diagnosed with systemic Spiroplasma turonicum infection,
France, 2025. After surgery, the patient had erythema (arrows) develop on the abdomen (A), knee (B), and thigh (C), which lasted

<48 hours.
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months after discharge; blood inflammatory markers
were within reference ranges, and she had no signs of
clinical relapse.

Skin manifestations, mainly as erythema multi-
forme, are known to be associated with Mycoplasma
pneumoniae infections (7). Because Spiroplasma spp.
and Mycoplasma spp. belong to the same family, we
suggest that they could share the same pathophysio-
logic mechanisms associated with skin lesions. More-
over, arthritis due to Spiroplasma spp. has not previ-
ously been described, but M. pneumoniae has been
isolated from joint fluid in some reported cases (8).

The patient in this case was severely immuno-
compromised because of multiple myeloma and the
associated long-term treatment. Teclistamab targets
the B-cell maturation antigen and causes a profound
depletion of both malignant and normal long-lived
plasma cells, resulting in prolonged hypogamma-
globulinemia and a consequently substantial infec-
tious burden (9,10).

In summary, we confirmed human S. turonicum
infection in an immunocompromised patient with
bacteremia, arthritis, and skin erythema. In severely
immunosuppressed patients, clinicians and microbi-
ologists should be aware of this very rare bacterial
agent, which requires complex methods of identifica-
tion and specific antibiotic treatment for resolution
of infection.
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A renal transplant recipient in India receiving trime-
thoprim/sulfamethoxazole prophylaxis experienced fe-
ver, hemoptysis, and neurologic deficits. The diagnosis
was pulmonary aspergillosis and disseminated nocardi-
osis caused by trimethoprim/sulfamethoxazole—resistant
Nocardia. Antimicrobial drug therapy led to complete
clinical and radiological resolution after 6 months. This
case highlights a resistant breakthrough Nocardia patho-
gen in a transplant recipient.

Renal transplant recipients on lifelong immuno-
suppression are at increased risk for opportu-
nistic infections. Nocardiosis affects 0.04%-3.5% of
solid-organ transplant recipients; pulmonary cases
disseminate in up to 44% of cases, and central ner-
vous system involvement occurs in 20%-44% (1,2).
Concurrent infection with Nocardia bacteria and As-
pergillus fungus accounts for only 5%-7% of post-
transplant cases (2). Trimethoprim/sulfamethox-
azole (cotrimoxazole) has been the mainstay of
treatment and prophylaxis, but the rising prevalence
of trimethoprim/sulfamethoxazole-resistant Nocar-
dia bacteria complicates empirical therapy and un-
derscores the necessity of susceptibility testing for
successful outcomes.

Written informed consent for publication of this
case report, including clinical details and accompany-
ing radiological and histopathological images, was
obtained from the patient; personal identifiers were
withheld. Formal ethics committee approval was not
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required for a single case report according to institu-
tional and journal guidelines.

A 39-year-old woman who was taking tacro-
limus, mycophenolate sodium, prednisolone, and
trimethoprim/sulfamethoxazole prophylaxis after
renal transplant had remained well for 14 months
before experiencing fever, hemoptysis, anorexia, and
weight loss over 45 days. High-resolution computed
tomography of the chest revealed right upper lobe
consolidation with pleural effusion (Figure 1, panel
A); lung biopsy culture grew Aspergillus fumigatus,
with a serum galactomannan result of 8.16 optical
density index, confirming invasive pulmonary asper-
gillosis according to 2020 European Organization for
Research and Treatment of Cancer and the Mycoses
Study Group criteria (3). Despite the patient taking
voriconazole and liposomal amphotericin B, altered
sensorium and bilateral lower-limb weakness devel-
oped, leading to a higher center referral.

Physical examination revealed asymmetric up-
per motor neuron weakness in the lower limbs,
neck stiffness, and coarse bilateral crackles. Brain
imaging revealed multiple ring-enhancing supra-
tentorial lesions with central diffusion restriction
and perilesional edema (Figure 2). Repeat trans-
bronchial lung biopsy showed suppurative inflam-
mation with weakly acid-fast, branching, beaded
filamentous bacteria when Fite stained and stained
with hematoxylin and eosin (Figure 1, panels B and
Q). Tissue culture on Sabouraud dextrose agar grew

Figure 1. Histopathologic

and radiologic findings in

renal transplant recipient with
disseminated trimethoprim/
sulfamethoxazole—resistant
nocardiosis, India. A) High-
resolution computed tomography
of the chest before treatment,
showing right-upper-lobe
consolidation with adjacent
passive atelectasis and a left
pleural effusion. B) Lung biopsy,
Fite stained, showing weakly
acid-fast, branching, beaded
filamentous bacteria (circle).
Original magnification x1,000.
C) Lung biopsy, hematoxylin
and eosin stained, showing
suppurative inflammation
(arrows). Original magnification
x400. D) High-resolution
computed tomography of the
chest 6 months after treatment,
showing resolution of the
consolidation with residual
pulmonary fibrosis.
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Figure 2. Brain magnetic
resonance imaging in renal
transplant recipient with
disseminated trimethoprim/
sulfamethoxazole—resistant
nocardiosis, India. A) Diffusion-
weighted image showing
multiple foci of central diffusion
restriction (arrows). B) Apparent
diffusion coefficient map showing
corresponding signal change
(arrow). C) Axial T1-weighted
postgadolinium image showing
ring-enhancing supratentorial
lesions (arrow). D) Axial T2-
weighted image showing lesions
with central hyperintensity, a
hypointense rim, and perilesional
edema (arrow).

dry, chalky colonies suggestive of Nocardia spp., al-
though species-level identification could not be con-
firmed because matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry failed
twice and 16S rRNA sequencing was unavailable.
We interpreted antimicrobial susceptibility by disc
diffusion on cation-adjusted Mueller-Hinton agar
by using Comité de 1’Antibiogramme de la Société
Frangaise de Microbiologie thresholds; the organism
appeared resistant to cotrimoxazole and ciprofloxa-
cin and susceptible to linezolid, minocycline, imipe-
nem, and amikacin (4).

A diagnosis of disseminated trimethoprim/sul-
famethoxazole-resistant nocardiosis with pulmo-
nary and cerebral involvement was made. Tacroli-
mus and mycophenolate were withheld, low-dose
prednisone was continued, and imipenem and line-
zolid were initiated alongside voriconazole; clinical
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response was noted within 1 week. After 1 month,
cytopenias developed, and linezolid was switched
to minocycline. Because of seizure risk, imipenem
was changed to meropenem, and the patient was
continued on meropenem for 3 months with mino-
cycline. Voriconazole was stopped after 6 months.
Imaging at the end of 6 months confirmed radiolog-
ical resolution in both intracranial and pulmonary
lesions, with preserved graft function (Figure 1,
panel D). The patient continued to do well at 1-year
follow-up and remains on secondary prophylaxis
with minocycline.

Trimethoprim/sulfamethoxazole resistance in
Nocardia bacteria is increasingly reported worldwide,
although prevalence varies considerably with iso-
late source, geographic region, and the susceptibility
method used. Susceptibility testing is also technical-
ly demanding and might be affected by the lack of
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control strains of Nocardia spp. with known suscep-
tibility patterns. One study found that 42% of Unit-
ed States isolates appear resistant to trimethoprim/
sulfamethoxazole and 61% to sulfamethoxazole (5),
whereas a separate study, comparing 552 isolates
across 6 reference laboratories, reported only 2% re-
sistance, attributing the difference in rates to inter-
laboratory variability and possible misinterpretation
of trailing MIC endpoints (6).

Pulmonary infections remain a major cause of
illness among postrenal transplant recipients, and
opportunistic pathogens such as Nocardia bacteria
frequently coexist with fungal and mycobacterial
disease, with overlapping radiological and clinical
features that delay diagnosis in tropical countries.
Reported resistance rates among cohorts in India
have been of note. In a renal-transplant series of
16 nocardiosis cases, 9 patients were receiving tri-
methoprim/sulfamethoxazole prophylaxis, and 4
N. farcinica isolates were resistant (7). In addition, a
South India 10-year analysis reported 20.8% resis-
tance among 48 cases (8), and a North India center
reported nocardiosis in 12 (1.1%) renal transplant re-
cipients, of which 60% isolates were trimethoprim/
sulfamethoxazole--resistant, and 7 of 12 patients
(58.3%) had breakthrough infection while receiving
prophylaxis (9).

Brain imaging is indicated in all cases of pulmo-
nary nocardiosis irrespective of neurologic symptom
because of the 20%-44% rate of central nervous sys-
tem involvement (1,2). Species-level identification
remains a diagnostic challenge, because morphologic
and biochemic methods are often inconclusive and
the use of matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry might be limited
(10). Disseminated nocardiosis carries a higher mor-
tality rate of 64%-100% among transplant recipients
(2). This case report underscores the potential for
breakthrough nocardiosis caused by trimethoprim/
sulfamethoxazole-resistant isolates despite prophy-
laxis and highlights the importance of antimicrobial
drug susceptibility testing to guide targeted therapy
and optimize clinical outcomes.
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The results of an outbreak investigation of pneumonic
plague conducted in the plague-endemic district of Fe-
noarivobe, Madagascar, revealed a familial cluster of
plague. Transmission was aided by intrahousehold con-
tact or gatherings and was amplified by delayed plague
treatment, highlighting the need for early diagnosis and
rapid initiation of appropriate therapy.

n Madagascar, where plague remains endemic,
transmission typically occurs during August-April.
Most cases are reported in the central highlands,
which are located at an altitude above 800 m (1). The

"These senior authors contributed equally to this article.
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predominant clinical form in Madagascar is bubon-
ic plague. However, some outbreaks of pneumonic
plague occur every year (2). On February 18, 2022, the
Bongolava Regional Health Directorate reported 8
suspected deaths of pneumonic plague from the dis-
trict of Fenoarivobe. We conducted outbreak inves-
tigations (protocol study approved by the National
Ethics Committee of Biomedical Research [reference
no. 068 MSANP/CE] on July 29, 2011) to identify the
source, reconstruct the transmission history, and con-
tain the spread of the outbreak. We classified all cases
according to the World Health Organization’s inter-
national definition of plague cases (3).

During January 28-March 1, 2022, we identified
21 suspected plague cases (9 in persons who were
alive and 12 in persons who were deceased); all deaths
occurred at the community level (i.e., involving mul-
tiple households). Case-patients had a median age of
28 years (interquartile range 23-41 years); 11 (52.4%)
were women and girls and 10 (47.6%) were men and
boys. Twelve persons (11 with pneumonic plague
and 1 with initially bubonic plague) had specimen
testing at the Central Laboratory for Plague (Institut
Pasteur, Antananarivo, Madagascar); 6 had PCR-
confirmed plague cases (3 in living persons and 3 in
deceased persons), and 1 had a probable plague case.
The attack rate was 4.6% (21/45,636 inhabitants), and
the overall case-fatality rate was 57.1% (12/21). The
outbreak lasted 33 days.

All case-patients had respiratory symptoms, and
1 case-patient had a secondary pneumonic form re-
sulting from neglected bubonic plague. The most
common symptoms reported by case-patients were
cough (81% [17/21]), chest pain (71.4% [15/21]),
bloody sputum (66.7% [14/21]), and fever (61.9%
[13/21]). The incubation period varied from 1 to 13
days, and the median disease duration was 3 days
(interquartile range 1-9 days). The presumed index
case-patient had onset of fever, headache, asthenia,
and vomiting on January 28. He sought care at the
health center the same day, had malaria diagnosed
by rapid test, and received antimalarial treatment. On
January 31, he died at home after having severe hem-
orrhagic symptoms. Thereafter, primary, secondary,
and tertiary cases occurred (Figure 1).

Twelve case-patients reported having received
antibiotics for plague, including the 9 case-patients
who were still alive at the time of the outbreak in-
vestigation and 3 of 12 deceased case-patients. Anti-
plague treatment was administered to case-patients
who sought care at health facilities starting in the
fourth week of the outbreak, when health workers
began to suspect the plague. Among direct contacts of
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Figure 1. Timeline of events for 21 cases of pneumonic plague in the district of Fenoarivobe, Madagascar, January 28—March 1, 2022.

Figure 2. Reconstructed routes of transmission for 21 cases of pneumonic plague in the district of Fenoarivobe, Madagascar, January
28-March 1, 2022. The numbered boxes indicated the order in which cases of plague appeared: confirmed cases are shown in red,
probable cases in reddish brown, and suspected cases or those without biological samples in blue.
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case-patients, 14% (14/100) were positive for F1 IgG
based on serologic testing. Identified case-patients
were members of 8 households.

This outbreak investigation revealed a famil-
ial cluster with a presumed index case-patient who
probably had either secondary pneumonic plague
occurring after neglected bubonic plague or primary
pneumonic plague with an unknown source of con-
tamination. During the first 2 weeks, transmission
primarily occurred within the index case-patient’s
household, where the primary case-patient was in-
fected by direct contact. Subsequently, more wide-
spread contact occurred at the community level
(i.e., with other households) during gatherings (e.g.,
funerals) or after direct contact with deceased case-
patients, based on the transmission routes we recon-
structed (Figure 2).

Early plague treatment is curative, and the high
case-fatality rate seemed to be explained by the delay
in the initiation of treatment during the first 3 weeks
of the outbreak because of misdiagnosis. The out-
break lasted for 1 month, and the appropriate actions
to respond to the outbreak were initiated at the begin-
ning of the fourth week, coinciding with our outbreak
investigation. Pneumonic plague, like other respira-
tory diseases, initially manifests with nonspecific
symptoms (4), and often no clear exposure to infected
animals or fleas can be identified, which can lead to
misdiagnosis and delay correct management.

This outbreak occurred in a known plague-en-
demic area. Our serologic results among case-patients
suggested that plague continues to circulate in the en-
vironment, in the local rodent population, or both, de-
spite the last reported human plague cases occurring
6 years before this outbreak (5). Our findings under-
score the importance of health workers staying alert
in plague-endemic areas to the possibility of reemerg-
ing cases of plague and the population to be informed
about seeking medical care in case of illness (6,7).

The transmission dynamics observed in this out-
break highlight the potential for the spread of pneu-
monic plague, mainly within family and community
clusters, particularly in remote settings. Similar pat-
terns of family- and community-based transmission
have been described in previous outbreaks in Mada-
gascar, where social structures and caregiving cus-
toms contribute to high-risk exposure (8-10).

Identifying plague and its transmission in remote
settings is challenging; therefore, rapid case detec-
tion, contact tracing, and timely implementation of
preventive measures are essential. Early diagnosis
and prompt treatment are important to avoid delays
and associated high-fatality rates.

1930

Acknowledgments

We thank the director of the Bongolava Regional Health
Directorate, the team management of the Service de
District de Santé Publique in Fenoarivobe, and the mayor
of Morarano Maritampona and his colleagues for their
assistance with, contribution to, and support of the field
investigation. We express our warm thanks to the people
of the commune of Morarano Maritampona and
Firavahana, who participated in the investigation.

This work was supported by the US Agency for
International Development through the Research,
Innovation, Surveillance, and Evaluation (RISE) project
(cooperative agreement no. 72068719CA00001).

About the Author

Dr. Randrianasolo is a public health physician at the
Institut Pasteur of Madagascar. Her primary research
interests include epidemiological surveillance of
epidemic-prone diseases.

References

1. Chanteau S, Boisier P, Carniel E, Duchemin JB, Duplantier JM,
Goodman S, et al. Atlas de la peste a Madagascar. 2006 [cited
2026 Aug 26]. https:/ /horizon.documentation.ird.fr/exl-doc/
pleins_textes/ divers16-07/010035376.pdf

2. World Health Organization. Disease outbreak news:
plague —Madagascar. 2021 Oct 1 [cited 2026 Aug 26].
https:/ /www.who.int/emergencies/ disease-outbreak-
news/item/plague---madagascar

3. World Health Organization. Revision of the international
definition of plague cases. Wkly Epidemiol Rec. 2021;24:238-
40 [cited 2026 Aug 26]. https:/ /iris.who.int/items/
21e73ba6-4d85-48cb-9303-2ceab567593e

4. Salam AP, Raberahona M, Andriantsalama P>, Read L,
Andrianarintsiferantsoa F, Razafinambinintsoa T, et al.
Factors influencing atypical clinical presentations during
the 2017 Madagascar pneumonic plague outbreak: a
prospective cohort study. Am ] Trop Med Hyg.
2020,102:1309-15. https:/ /doi.org/10.4269/ ajtmh.19-0576

5. Andrianaivoarimanana V, Kreppel K, Elissa N, Duplantier
JM, Carniel E, Rajerison M, et al. Understanding the per-
sistence of plague foci in Madagascar. PLoS Negl Trop Dis.
2013,7:€2382. https:/ / doi.org/10.1371/journal.pntd.0002382

6. Rakotosamimanana S, Rakotoarimanana FJ, Raharimanga V,
Taglioni F, Ramamonjisoa J, Randremanana RV, et al.
Influence of sociospatial determinants on knowledge, at-
titudes and practices related to the plague in a population
living in endemic areas in the central highlands, Madagascar.
BMC Public Health. 2021;21:1102. https:/ /doi.org/10.1186/
512889-021-11101-3

7. Generis Global Legal Services. An overview of the healthcare
system in Madagascar. 2024 Nov 21 [cited 2026 Aug 26].
https:/ / generisonline.com/an-overview-of-the-healthcare-
system-in-madagascar

8. Ramasindrazana B, Andrianaivoarimanana V,
Rakotondramanga JM, Birdsell DN, Ratsitorahina M,
Rajerison M. Pneumonic plague transmission, Moramanga,
Madagascar, 2015. Emerg Infect Dis. 2017;23:521-4.
https:/ /doi.org/10.3201/eid2303.161406

Emerging Infectious Diseases *« www.cdc.gov/eid ¢ Vol. 32, No. 11, November 2026



9. Vogler AJ, Chan F, Nottingham R, Andersen G, Drees K,
Beckstrom-Sternberg SM, et al. A decade of plague in

Mahajanga, Madagascar: insights into the global maritime

spread of pandemic plague. MBio. 2013;4:e00623-12.

https:/ /doi.org/10.1128 /mBio.00623-12

10. Andrianaivoarimanana V, Tharisoa AL, Rahalison L,
Ralimanantsoa ML, Ratsitorahina M, Rakotonanahary RJL,
et al. Short- and long-term humoral immune response
against Yersinia pestis in plague patients, Madagascar.

RESEARCH LETTERS

BMC Infect Dis. 2020;20:822. https:/ /doi.org/10.1186/
$12879-020-05565-8

Address for correspondence: Rindra Vatosoa Randremanana,

Epidemiology and Clinical Research Unit, Institut Pasteur de
Madagascar, BP 1274, Antananarivo 101, Madagascar; email:
rrandrem@pasteur.mg

September 2026

Fungal Infections

e Investigation of Mycobacterium
abscessus Cluster in Hospital,
Maryland, USA, 2024

¢ Epidemiology of and Risk Factors
for Amebic Meningoencephalitis,
Kerala, India, 2025

¢ Neoehrlichiosis Causing Hemolytic
Anemia in Patients Treated with
Rituximab, Norway, 2024-2025

e Improved Case Detection of
Fleaborne Typhus by PCR Testing,
Los Angeles County, California, USA,
2022-2024

e Posttuberculosis Consequences on
Tuberculosis Prevention Effectiveness
and Cost-effectiveness among
New Immigrants, Canada

e Clustering and Source Association of
Clinical and Nonclinical Listeria
monocytogenes lsolates, New York,
USA, 2000-2021

e Dual PCR-Sanger Sequencing Assay
for Simultaneous sqgle-Based
Identification and Resistance
Detection in Trichophyton Species

e Invasive Wickerhamomyces anomalus
Infections among Injecting Drug
Users, France, 2012-2024

e Pediatric Tuberculosis Care Outcomes
in a Tertiary Care Center, France,
2014-2024

e Reemergence of Scrub Typhus
Associated with Leptotrombidium
akamushi Mites and Karp-Like
Orientia tsutsugamushi Genotype
Bacteria, Japan, 2024-2025

e Serologic Evidence of Hantavirus
Exposure in Humans, Italy,
2004-2018

¢ Seroprevalence of Influenza A(H5N1)
Virus in Domestic Cats at Epicenter
of Dairy Cattle Outbreaks, California,
USA, 2024-2026

e Case Report and Retrospective
Review of Acanthamoeba
Encephalitis and Chronic Lymphocytic
Leukemia, United States

¢ Emergence of Oropouche Virus,
Venezuela, 2025

¢ Global Spread of Trichophyton
indotineae Tracked by Mass
Spectrometry Identification Network,
2022-2025

Wickerhamomyces anomalus
Pseudo-Outbreak Associated with
Medical Lubricating Gel, South Africa,
2023-2024

Genetically Distinct African Swine
Fever Virus Genotype Il Variant in
Wild Boar, Spain, 2025-2026

Chronic Elbow Nodules Caused by
Fomitiporella Fungus in
Immunocompetent Patients,
United States

Genomic and Epidemiologic Insights
into Ongoing Measles Outbreak,
Israel, 2025-2026

Pulmonary Coccidioidomycosis
Linked to Shipping Containers,
Taiwan, 2025

Southern Tick—Associated Rash
lliness in Pediatric Patient, New York,
USA, 2025

e Powassan Virus in Ixodes scapularis
Tick Populations, lllinois, USA, 2025

e Qutbreak of Brazilian Spotted Fever,
Southeastern Brazil, 2018

e Pediatric Rickettsia massiliae
Infection, Spain, 2023

EMERGING

To revisit the September 2026 issue, go to:

INFE(TIOUS DISEASES https://wwwnc.cdc.gov/eid/articles/issue/32/9/table-of-contents

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 32, No. 11, November 2026

1931



ABOUT THE COVER

Edgar Degas (1834-1917), Les Choristes, 1877. Pastel on monotype. 32 cm x 27 cm (10.6 in x 12.6 in). Image © Musée d’'Orsay,

Paris, France. Dist. RMN-Grand Palais/Patrice Schmidt.

Choral Voices, Communal Vulnerability

Terence Chorba

On the cover of this month’s issue, the oil and
pastel artwork Les Choristes portrays a chorus
of singers on stage, captured during an animated,
operatic performance. The singers stand in proxim-
ity, sharing airspace as they project their voices. The
creator of Les Choristes, Edgar Degas (1834-1917),

Author affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA

DOI: https://doi.org/10.3201/eid3211.AC3211

1932

was a pivotal figure in Impressionism, known for
his depictions of ballet dancers, opera performers,
and scenes of modern Parisian life. He was born in
Paris into a well-to-do family, schooled in a presti-
gious lycée, and enrolled in the Faculty of Law at the
Sorbonne. However, by age 21, he had demonstrated
considerable artistic talent with technical drawings
and enrolled in the Ecole des Beaux-Arts in Paris
with an intent to become a realist painter of histori-
cal scenes and settings.
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Figure 1. Edgar Degas, Singer with a Glove, 1878. Pastel on
canvas. 53.2 x 41 cm (20.938 in x 16.125 in). Fogg Museum,
Harvard University, Cambridge, Massachusetts, USA.

Working across multiple media, including pastel,
oil painting, sculpture, and printmaking, Degas even-
tually became fascinated by modern performance
artists and the spaces in which they practiced and
performed. Degas’ Les Choristes vividly reflects his in-
terest in the theater, an environment that is often as-
sociated with intense physical exertion, close human
contact, and exposure to other conditions that are con-
ducive to the transmission of respiratory infection.

Completed in 1877, Les Choristes also offers insight
into Degas’ artistic development and his innovative
approach to representing movement and experiment-
ing with the human form. By the mid-1870s, he had
shifted his attention from historical subjects to scenes
of contemporary life, especially those involving mu-
sic and dance. Opera houses and ballet theaters be-
came recurring subjects in his work, mirroring both
his personal interests and the vibrant cultural life of
the Belle Epoque, the interwar years of 1871 through
1914, when Paris was renowned for cultural innova-
tion and tremendous urban development. Although
more than half of Degas’ other works depict dancers,
several feature solo singers either performing or re-
hearsing (Figures 1, 2).
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Respiratory pathogens such as influenza virus-
es, measles virus, Mycobacterium tuberculosis, and
SARS-CoV-2 spread through infectious respiratory
particles, such as droplets and aerosols (1,2). Singing
is but one of myriad group activities in which we
commonly share airspace; examples of similar such
activities include performing in or attending orches-
tral performances, being a student in the nonvirtual
classroom environment, and attending theater, op-
eratic performances, religious or political gather-
ings, or sporting events. In Degas’ time, public sing-
ers had the added challenge of filling large theaters
and opera houses with their voices in the absence of
electronic amplification. Such vocal demands, com-
bined with performances in often poorly ventilated
indoor spaces, would have increased the risks of air-
borne disease transmission.

In the United States, singing in a group setting
has been identified as an activity that could promote
transmission risk for respiratory pathogens in inves-
tigations of tuberculosis outbreaks in a school choir
in 1993-94 (3) and in a church choir in 1998 (4). In
such settings, prolonged exposure and forceful vocal-
ization create ideal conditions for aerosol spread (5).
In 2008, investigation in a similar setting identified

Figure 2. Edgar Degas, The Singer in Green, 1884, Pastel
on light blue laid paper. 60.3 x 46.4 cm (23.75 x 18.25 in).
Metropolitan Museum of Art, New York, New York, USA.
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multiple tuberculosis cases linked to a single source,
underscoring the roles of close contact and inade-
quate ventilation (6). Early in the COVID-19 pandem-
ic, a well-documented outbreak occurred at a choir
rehearsal in Skagit Valley, Washington, USA, in 2020;
in that outbreak, 52 of 61 choir participants became
infected with SARS-CoV-2, and 2 of them died (7).
All of these events have supported the hypothesis of
transmission risk for respiratory pathogens in asso-
ciation with choral singing. Elevated risk for airborne
infectious disease transmission caused by aerosols
has also been reported in association with playing
wind instruments (8), coughing, talking (9), and other
activities in which prolonged exposures can occur in
poorly ventilated and crowded environments.

In response to mounting evidence during the
COVID-19 pandemic, many music ensembles, in-
cluding choral groups, suspended or substantially
altered practices to prevent disease transmission
and outbreaks. Mitigation strategies included
moving rehearsals outdoors, increasing physical
distancing, shortening rehearsal times, improving
ventilation, using face masks, or holding virtual
rehearsals and performances to maintain musical
engagement while minimizing health risks (10-12).
Les Choristes vividly portrays the setting of an age-
old challenge with which society grappled in the
recent pandemic setting, namely, allowing for en-
joyment of close or cloistered activities without in-
creasing respiratory disease risk, especially during
epidemics or pandemics.

The author discloses using ChatGPT (OpenAl,
https:/ / openai.com) only for locating references for this
essay, not in generating content.
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» Oropouche Fever Outbreak, Havana, Cuba, June—
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» Emergence of Shamonda Orthobunyavirus, Central Europe,
2026

* Using Cover Art from Emerging Infectious Diseases to
Inspire Microbiology Education

« Serologic Evidence of Zoonotic Exposure to Porcine
Deltacoronavirus with Enhanced Prevalence in Juveniles
with Swine Contact, 2019-2021
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Article Title:
Reducing Antibiotic Drug Use Effects on Clostridioides difficile
Colonization in Nursing Home Residents

CME Questions

3. Which of the following variables had the largest
impact on the risk for transmission of C. difficile in the
current study?

1. Which of the following variables was most
associated with a higher risk for colonization with
Clostridioides difficile in the current study?

A. Older age

B. Low colon microbiota diversity status at baseline
C. High colon microbiota diversity status at baseline
D. The presence of 23 major comorbid illnesses

Longer microbiota recovery time

Longer duration of colonization with C. difficile
Antibiotic use rate

Failure to recover microbiota diversity

cow»

2. According to the study, what was the approximate
fold increase in C. difficile colonization prevalence per
percentage-point increase in the daily proportion of
nursing home residents receiving antibiotics?

A. 2-to 4-fold
B. 5-to 7-fold
C. 8-to 10-fold
D. 12-to 15-fold
1936

4. What approximate reduction in the daily percentage
of nursing home residents receiving antibiotics was
predicted to halve C. difficile colonization prevalence?

A 4%

B. 17%

C. 36%

D. 60%Article Title
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