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Neisseria gonorrhoeae bacteria are a priority patho-
gen for the World Health Organization (WHO) 

and cause an estimated 82 million new infections an-
nually worldwide. Optimal disease control strategies 
remain unclear in light of increasing reports of anti-
microbial resistance (AMR) and very limited global 
surveillance. A systematic review of surveillance 
systems for monitoring gonococcal AMR from 2022 
found no evidence of a current surveillance system 
for gonorrhea in 148 countries, and only 6 countries 
(Australia, England, Wales, Scotland, Canada, and 
New Zealand) had gonococcal surveillance systems 

that were comprehensive and national. Those systems 
include all culture-based diagnoses of antimicrobial-
susceptible gonorrhea infections and cover >50% of 
jurisdictions in their respective countries (1).

Historically, N. gonorrhoeae bacteria have devel-
oped resistance to every first-line therapeutic agent (2), 
including ceftriaxone, the current first-line treatment; 
newer agents such as gepotidacin and zoliflodacin 
show promise as alternatives. However, the longevity 
of the newer agents remains uncertain, particularly in 
settings where circulating N. gonorrhoeae isolates har-
bor the parC D86N mutation, 1 of 2 observed mutations 
required to develop resistance to the newer agents (3). 
In 2015, the emergence and subsequent spread of the 
ceftriaxone-resistant N. gonorrhoeae FC428 clone (i.e., 
strains harboring the ceftriaxone-resistance determi-
nant) heralded the beginning of an era of increasing 
uncertainty regarding future antimicrobial drug man-
agement strategies (4,5). More than a decade later, the 
mosaic penA allele 60.001 persists as the prevailing de-
terminant of ceftriaxone resistance (6).

We searched the published literature in June 2025 
to identify reports of ceftriaxone-resistant N. gonorrhoeae 
bacteria harboring the penA 60.001 allele with linked 
genomic sequence data, to gain a contemporary under-
standing of AMR. We limited the search to isolates car-
rying penA 60.001 because other resistance-associated al-
leles, including the emerging penA 237.001 allele, remain 
relatively rare (7), whereas penA 60.001 has been consis-
tently detected through routine surveillance across di-
verse settings. Although ceftriaxone-resistant N. gonor-
rhoeae has been reported by Canada, Japan, China, and 
WHO programs, the corresponding MICs and genomic 
sequencing data were not available (8–12).

We collated a total of 440 ceftriaxone-resistant 
isolates and defined resistance as an MIC >0.25 mg/L, 
regardless of the original susceptibility testing meth-
od used. Of the 440 isolates, 296 (67.3%) harbored the 
penA 60.001 allele, and genomic data were available 
for 212 (48.2%) isolates. Fifty percent (106/212) of all 

Limitations of Global Surveillance 
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Neisseria gonorrhoeae bacteria cause ≈82 million in-
fections annually worldwide. As antimicrobial resistance 
(AMR) accelerates, the actual prevalence of antimicrobial- 
resistant infections remains obscured because of frag-
mented, heterogeneous, and often absent surveillance 
systems. The efficacy of ceftriaxone, widely used as 
first-line therapy, is increasingly threatened by the ex-
pansion of strains harboring the mosaic penA 60.001 
allele, first documented in 2015 and now recognized 
globally as the dominant determinant of AMR. Our 
systematic search of the published literature identified 
212 such isolates; nearly half were detected after 2022 
in England and Australia, and epidemiologic data fre-
quently linked acquisition of infection to the Asia-Pacific 
region. The substantially higher case numbers reported 
in those countries reflect the strength of their gonococ-
cal AMR surveillance systems and more timely public 
data sharing. Our findings suggest that underreporting 
of the actual prevalence of ceftriaxone resistance is 
likely and that the opportunity for action is limited.
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cases of ceftriaxone-resistant N. gonorrhoeae infection 
had been reported since 2022; 48% (51/106) of those 
were detected in England (n = 19) and Australia (n = 
32). The remaining cases were detected in the Asia-
Pacific region (n = 49), other countries in Europe (n = 
4), and North America (n = 2) (7,13–18).

We constructed a phylogenetic tree, as previous-
ly described (6), following a mapping approach that 
used reference strain FA1090 (GenBank accession 
NC_002964.2) and masked recombination by using 
Gubbins version 2.12 (19). The phylogenetic analysis 
confirmed that the penA 60.001 allele associated with 
ceftriaxone resistance is predominantly in the Asia-
Pacific region and that most cases detected elsewhere 
were linked to contact or travel in that region (Figure). 
The analysis also indicated that ceftriaxone resistance 
continues to evolve and has only a minority of re-
cent isolates still clustering within the original FC428 
clone. This trend of resistance evolution within mul-
tiple different clonal backbones signals an expanding 
and growing problem that is unlikely to be contained, 
portending serious challenges for therapy.

Of note, most gonococcal infections are diag-
nosed by using molecular testing, and culture rates 
vary substantially across countries. Nevertheless, 
outside of the Asia-Pacific region, most reported cas-
es of ceftriaxone-resistant N. gonorrhoeae infection are 
reported from England and Australia. One plausible 
explanation for the higher detection rates in those 
countries is the strength and coverage of their sur-
veillance systems and the close integration of culture-
based testing and antimicrobial susceptibility testing.

Gonococcal AMR in England and Wales is moni-
tored through the Gonococcal Resistance to Antimi-
crobials Surveillance Programme, a sentinel surveil-
lance system covering ≈2% of total yearly gonorrhea 
diagnoses (20). In addition, all cases of gonorrhea, 
regardless of infection site, have a sample taken for 
culture, and all ceftriaxone-resistant isolates in Eng-
land are referred to the national Sexually Transmitted 
Infections Reference Laboratory for confirmation and 
follow-up (21). The number of ceftriaxone-resistant 
infections is reported on a quarterly basis. In Austra-
lia, culture is similarly recommended when feasible, 
and isolates are forwarded to the relevant jurisdic-
tional Neisseria reference laboratories for antimicro-
bial susceptibility testing and follow-up. Australia’s 
jurisdictional Neisseria reference laboratories form a 
network, the National Neisseria Network, which is 
supported by the federal government and is respon-
sible for the national surveillance system. National 
AMR surveillance data, derived from ≈24% of total 
annual cases, are publicly reported.

In contrast, even in countries with established 
surveillance systems, the low number of detected 
resistant isolates may primarily reflect underascer-
tainment, resulting from the limited scope of cul-
ture-based surveillance, which typically tests or re-
ports only a small fraction of cases through sentinel 
programs mainly targeting symptomatic men. Such 
restricted sampling might also explain why WHO-
associated surveillance initiatives, including the En-
hanced Gonococcal Antimicrobial Surveillance Pro-
gramme in South-East Asia, have not detected higher 
rates of ceftriaxone resistance to date, except in Cam-
bodia and Vietnam (9,22). Similarly, actual prevalence 
of antimicrobial-resistant N. gonorrhoeae infections in 
China remains unclear because accessible publica-
tions are largely regional and describe heterogeneous 
sampling strategies, limiting national-level interpre-
tation (8,23). Alternatively, the routine public report-
ing of gonococcal AMR in China, especially when 
linked to genomic analyses, remains uncommon. As 
a result, antimicrobial-resistant cases may be identi-
fied locally but not reported widely.

Relying on the identification of treatment failure 
as an alternative signal of resistance is subject to many 
limitations. Only a small number of treatment failures 
have been reported globally, and those that have are 
almost exclusively in high-income countries, reflect-
ing surveillance bias and underreporting. Detection 
of treatment failure is further complicated by incon-
sistent definitions of treatment failure, variability in 
treatment regimens, limited follow-up, and restricted 
access to culture-based diagnostics. As a result, AMR 
surveillance and treatment failure reporting probably 
underestimate the actual prevalence of ceftriaxone-
resistant infections (24).

Therefore, for myriad reasons, the actual preva-
lence of gonococcal AMR is underestimated, which 
has prompted calls to expand AMR surveillance sys-
tems (10). However, such expansion is not always fea-
sible, given social and political barriers, constraints in 
funding and laboratory capacity, and logistical chal-
lenges of scaling culture-based and antimicrobial sus-
ceptibility testing. In the absence of comprehensive 
global surveillance, data from England and Australia 
act as a canary in the coal mine, providing early warn-
ing of sentinel events. Furthermore, those datasets 
represent the best available evidence and should be 
used to model actual AMR prevalence and help guide 
international policy and intervention strategies.

The trajectory of N. gonorrhoeae AMR expansion 
is such that the window of opportunity for effec-
tive intervention is rapidly closing. Even with lim-
ited available global gonococcal AMR surveillance 
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data, ceftriaxone resistance is high in some parts of 
the Asia-Pacific region; recent reports indicate re-
sistance estimates of >20% (when applying an MIC 
>0.25 mg/L threshold) in some settings (7,8,25). The 
surveillance systems in England and Australia are 
signaling that ceftriaxone-resistant N. gonorrhoeae are 

transmitting globally and are originating from coun-
tries that report no ceftriaxone resistance. Further-
more, resistant isolates remain undetected in coun-
tries without comprehensive surveillance, meaning 
that the global gonococcal AMR prevalence exceeds 
current assumptions.
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Figure. Maximum-likelihood phylogenetic tree of 212 ceftriaxone-resistant Neisseria gonorrhoeae isolates harboring penA 60.001 
allele. Gray shading indicates original FC428 clone that emerged in 2015 in Japan and shows most new isolates clustering away from 
this clone. Columns at right shows isolates detected in England and Australia, reported regions where infections were acquired in Asia 
(countries include Cambodia, China, Indonesia, Japan, Thailand, Singapore, and Vietnam), multilocus sequence type, and year of 
isolation. Sequence types and isolate years demonstrate variation over time and genomic diversity.
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Anaplasmosis is an emerging tickborne zoono-
sis that has substantially increased in incidence 

during the past 2 decades. That rise is attributed to 
improved diagnostic testing, heightened clinician 
awareness, and climate-related factors, mirroring 
trends observed with other vectorborne diseases that 
depend on vector survival for transmission (1–6). An-
aplasmosis exhibits a wide spectrum of clinical mani-
festations, and common symptoms include fever, 
chills, rigors, headache, malaise, and myalgia. Labo-
ratory abnormalities frequently include leukopenia, 
thrombocytopenia, and elevated transaminases (1–6). 
Patients with altered mental status, immunosuppres-
sion, advanced age, or multiple underlying condi-
tions are at increased risk for hospitalization (1,5).

Although rare, neurologic manifestations of ana-
plasmosis can include encephalitis, meningitis, me-
ningoencephalitis, focal paralysis, and stroke (6–10). 
Case reports describing patients with central nervous 
system (CNS) symptoms document variable cerebro-
spinal fluid (CSF) findings. In some instances, CSF 
profiles are within reference ranges, whereas other 
cases demonstrate variable pleocytosis, proteinora-
chia, or glycorrhachia (8–16).

Most data describing CSF profiles in CNS ana-
plasmosis have been limited to individual case reports 

(8–16), and retrospective studies or case series have 
not systematically evaluated CSF findings in patients 
primarily exhibiting CNS manifestations. Thus, we 
sought to characterize the CSF findings of patients 
hospitalized with anaplasmosis who exhibited pre-
dominantly CNS symptoms and underwent lumbar 
puncture (LP) and CSF analysis in an anaplasmosis hy-
perendemic region in Minnesota and Wisconsin, USA.

Methods
We conducted a retrospective chart review of adult 
patients with diagnosed Anaplasma phagocytophilum 
infection (International Classification of Diseases, 9th 
Revision, codes A77.49 or A79.82) who were admit-
ted to Mayo Clinic Rochester or Mayo Clinic Health 
System sites in Minnesota and Wisconsin during No-
vember 1, 2014–November 29, 2024. The study was 
approved by the Mayo Clinic Institutional Review 
Board (approval no. 18-007901).

We manually reviewed a total of 101 patient 
charts. We included patients >18 years of age if they 
had a positive A. phagocytophilum PCR performed on 
EDTA-anticoagulated whole blood and predomi-
nantly had CNS symptoms when care was sought 
that prompted LP and CSF analysis.

We performed molecular detection by using the 
automated MagNA Pure 96 system (Roche Diagnostics, 
https://www.roche.com) for DNA extraction, followed 
by amplification of a conserved region of the groEL heat 
shock protein operon gene. We identified organisms via 
melting curve analysis by using the LightCycler 480 In-
strument II (Roche Diagnostics). That assay uses fluo-
rescence resonance energy transfer probes to detect and 
differentiate A. phagocytophilum, Ehrlichia chaffeensis, E. 
muris eauclairensis, and E. ewingii/canis (1).

All patients underwent standard CSF testing in-
cluding a meningitis/encephalitis panel per institu-
tional protocol. We defined CNS symptoms as severe 
headache, confusion or altered mental status, central 
focal neurologic deficits, or signs of meningitis (in-
cluding neck stiffness, photophobia, or positive men-
ingeal signs).

Results
Of 101 hospitalized patients with anaplasmosis diag-
noses, 10 (10%) met inclusion criteria. Among those, 
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Anaplasmosis, an emerging tickborne zoonosis, infre-
quently involves the central nervous system, and cerebro-
spinal fluid (CSF) profiles of anaplasmosis remain poorly 
characterized. We conducted a multisite retrospective 
study of patients hospitalized with anaplasmosis during 
November 1, 2014–November 29, 2024, in Minnesota and 
Wisconsin, USA, a hyperendemic region. Included patients 
had anaplasmosis confirmed by PCR on blood samples, 
exhibited neurologic symptoms, and had lumbar puncture 
procedures. Ten hospitalized patients met inclusion crite-
ria, 6 with meningitis, 3 with meningoencephalitis, and 1 
with encephalitis. CSF findings were within reference rang-
es for 5 patients; 4 patients demonstrated mild lymphocytic 
pleocytosis, but glucose and protein levels were within ref-
erence ranges. One patient underwent a traumatic lumbar 
puncture resulting in neutrophilic pleocytosis. CSF abnor-
malities did not correlate with neurologic severity, suggest-
ing a cytokine-mediated process rather than direct central 
nervous system infection. All patients rapidly improved with 
doxycycline, highlighting the need for early recognition and 
empiric therapy for anaplasmosis.
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2 patients were immunocompromised and 4 required 
intensive care unit (ICU) admission. Six patients had 
clinical features consistent with meningitis, 3 with me-
ningoencephalitis, and 1 with encephalitis (Table 1). 
All 10 patients underwent extensive infectious evalu-
ation for alternative bacterial, viral, endemic fungal, 
and tickborne etiologies (Appendix Table, https://
wwwnc.cdc.gov/EID/article/32/6/26-0240-App1.
pdf), including testing for other Ixodes scapularis tick–
transmitted pathogens. All of those results were nega-
tive, thereby excluding co-infection. 

In all cases, LP was performed before initiation of 
doxycycline therapy. Five (50%) patient samples demon-
strated pleocytosis, and the other 5 had CSF cell counts 
within reference ranges. Of the 5 patients with pleocyto-
sis, 4 had mild lymphocytic pleocytosis (5–50 cells/μL 
[reference range 0–5 cells/μL]) and 1 had neutrophilic 
pleocytosis attributable to traumatic LP. CSF protein 
and glucose levels were within reference ranges in all 
patients except for patient 8, who had a traumatic LP.

Patient 1
A 75-year-old immunocompetent man was admitted 
with fever, headache, photophobia, chills, left-sided 
hemiparesis, and urinary retention. Laboratory eval-
uation revealed leukopenia, thrombocytopenia, and 
hyponatremia. Brain magnetic resonance imaging 
showed no evidence of acute infarction. After LP, em-
piric intravenous doxycycline was initiated, and com-
plete neurologic and systemic improvement occurred 
within 72 hours. After 3 days, he was discharged to 
home to complete a 4-week course of doxycycline.

Patient 2
A 65-year-old immunocompetent woman was ad-
mitted with severe neck and facial pain localized to 

the frontal and maxillary sinuses, with suspected in-
volvement of the bilateral V1 (ophthalmic division) 
and V2 (maxillary division) dermatomes. Associated 
signs and symptoms included headache, photopho-
bia, blurred vision, fever (temperature 103°F), nau-
sea, and vomiting. Symptoms began ≈2 weeks after 
sustaining a tick bite. Initial outpatient treatment 
with amoxicillin/clavulanate for presumed sinusitis 
was ineffective, and at admission she was febrile, 
tachycardic, and hypotensive, meeting sepsis crite-
ria and requiring ICU admission. After LP and CSF 
collection, empiric broad-spectrum antimicrobial 
therapy, including doxycycline, was initiated. Clini-
cal improvement occurred within 48 hours, and she 
achieved complete recovery after 2 weeks of therapy.

Patient 3
A 74-year-old immunocompetent woman was admit-
ted for a 1-week history of intermittent headaches, 
photophobia, and abnormal involuntary movements 
characterized by akathisia and choreiform activity. 
On the day of admission, fever and chills developed. 
Laboratory evaluation revealed mild hyponatremia 
with an unremarkable complete blood count. After 
LP, empiric therapy with doxycycline and ceftriaxone 
was initiated. She demonstrated marked clinical im-
provement after the second dose and was discharged 
to complete a 10-day course of doxycycline. She re-
ported residual fatigue and cognitive slowing for ≈3 
months but ultimately achieved full recovery.

Patient 4
A 57-year-old immunosuppressed man with ulcer-
ative colitis receiving prednisone therapy (20 mg/d) 
was admitted with 4 days of myalgias, arthralgias, 
chills, sweats, and fever, followed by onset of left  

 
Table 1. Characteristics and cerebrospinal fluid findings among patients with anaplasmosis and central nervous system involvement, 
Minnesota and Wisconsin, USA* 

Patient 
no. 

Age, 
y/sex 

Immune 
status 

Neurologic 
manifestation Sepsis  

ICU 
admission 

Cerebrospinal fluid results 

Color 
Leukocyte 

count† Leukocyte type (%) 
Protein, 
mg/dL‡ 

Glucose, 
mg/dL§ 

1 75/M IC Left hemiparesis, 
meningitis 

N  N Clear 5 Lymphocyte (40) 48 56 

2 65/F IC Meningitis Y Y Clear 1 Lymphocyte (78) 33 81 
3 74/F IC Meningitis, akathisia N N Clear 1 Lymphocyte (83) 33 67 
4 57/M IS Meningitis N N Clear 0 NA 31 61 
5 57/M IS Meningitis Y Y Clear 50 Lymphocyte (78) 40 58 
6 67/F IC Meningitis N N Clear 1 Lymphocyte (72) 34 66 
7 60/M IC Meningoencephalitis N N Clear 15 Lymphocyte (43); 

neutrophils (30) 
27 53 

8 60/F IC Meningoencephalitis Y Y Bloody 198 Neutrophils (71) 18 60 
9 70/F IC Meningoencephalitis N N Clear 1 Lymphocyte (72) 33 80 
10 70/M IC Encephalitis Y Y Clear 10 Lymphocyte (50) 189 43 
*IC, immunocompetent; ICU, intensive care unit; IS, immunosuppressed; NA, not applicable. 
†Reference range 0. 
‡Reference range <50 mg/dL.   
§Reference range 36–101 mg/dL. 
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parietal headache. Physical examination revealed nu-
chal rigidity with a negative Brudzinski sign. Labora-
tory studies demonstrated neutropenia, thrombocyto-
penia, transaminitis, and elevated C-reactive protein. 
After CSF collection, intravenous doxycycline was 
initiated, resulting in complete symptom resolution 
within 2 days. He was discharged home to complete 
a 2-week course of doxycycline therapy.

Patient 5
A 57-year-old immunosuppressed man with primary 
sclerosing cholangitis and gallbladder carcinoma un-
dergoing chemotherapy was admitted with a 9-day 
history of headache exacerbated by light and unre-
sponsive to over-the-counter analgesics. Associated 
symptoms included nausea, vomiting, photophobia, 
fever, chills, and neck stiffness. Head CT demonstrated 
no acute abnormalities. On examination, he was febrile 
and tachycardic, with positive Kernig and Brudzinski 
signs. He met sepsis criteria and required ICU admis-
sion. After LP and CSF collection, empiric broad-spec-
trum antimicrobial therapy, including doxycycline, 
was initiated. He defervesced within 48 hours of doxy-
cycline initiation and achieved complete recovery after 
a 2-week course of doxycycline therapy.

Patient 6
A 67-year-old woman was assessed for 1 day of fron-
tal headache and fever. Initial head CT was unre-
markable, and transient symptom improvement af-
ter treatment with droperidol and diphenhydramine 
prompted discharge. She returned the next day with 
worsening headache, photophobia, neck stiffness, 
and recurrent fever. Laboratory evaluation demon-
strated pancytopenia, hyponatremia, and elevated 
aminotransferases. She reported extensive outdoor 
exposure with multiple tick bites. LP was performed 
and empiric doxycycline and ceftriaxone therapy ini-
tiated. She demonstrated rapid clinical improvement 
within 48 hours and was discharged home to com-
plete a 10-day course of doxycycline.

Patient 7
A 60-year-old man had influenza-like illness develop 
several weeks after removing an engorged tick from 
his lower abdomen. Symptoms included fatigue, 
neck pain, headache, chills, and persistent fevers re-
fractory to over-the-counter medications. At admis-
sion, he was febrile, confused, and tachycardic. After 
LP, empiric doxycycline therapy was initiated. His 
symptoms improved within 24 hours and resolved 
completely by the end of a 2-week course of doxy-
cycline therapy.

Patient 8
A 60-year-old woman was assessed for a 1-week his-
tory of fever, severe diffuse headache radiating to the 
neck, photophobia, dizziness, and confusion. At ad-
mission, she was febrile and tachycardic, with pancy-
topenia, meeting sepsis criteria and requiring ICU ad-
mission. CSF analysis was consistent with a traumatic 
LP and demonstrated marked neutrophilic pleocyto-
sis, low protein, and glucose within reference levels. 
Empiric broad-spectrum antimicrobial therapy was 
initiated, including intravenous doxycycline (initial 
dose of 200 mg). She completed a 2-week course of 
doxycycline and had a full clinical recovery.

Patient 9
A 70-year-old woman was admitted with a 3-week 
history of rigors, shaking chills, diaphoresis, nausea, 
malaise, myalgias, and intermittent fevers after a tick 
bite. She subsequently had photophobia, neck stiff-
ness, headache, and progressive somnolence develop. 
CSF analysis showed clear fluid with no pleocytosis 
and protein and glycose levels within reference rang-
es. She improved within 48 hours of the start of intra-
venous doxycycline and achieved complete recovery 
by day 10.

Patient 10
A 70-year-old man with type 2 diabetes and hyper-
tension was assessed with acute-onset confusion and 
inability to engage in meaningful conversation. He 
reported a mild frontal headache without associated 
photophobia, phonophobia, nausea, vomiting, or neck 
stiffness. On examination he was febrile and tachy-
cardic. Laboratory studies demonstrated thrombocy-
topenia and leukopenia. CSF analysis demonstrated 
mild lymphocytic pleocytosis with proteinorachia 
and glucose within reference levels. He met sepsis 
criteria and required ICU admission. Despite empiric 
broad-spectrum antimicrobial therapy, fevers persist-
ed, and encephalopathy worsened. After initiation 
of intravenous doxycycline (initial dose 200 mg), he 
defervesced within 24 hours, and his encephalopa-
thy resolved within 72 hours. He completed a 3-week 
course of doxycycline therapy and recovered.

Discussion
Among the 10 patients described in this study, 6 had 
clinical features consistent with meningitis, 3 with 
meningoencephalitis, and 1 with encephalitis. No-
table neurologic findings included akathisia and left 
hemiparesis in 2 patients who also exhibited menin-
gitic symptoms. Two patients were immunocompro-
mised, and 4 required ICU admission. All patients 
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demonstrated clinical improvement within 24–72 
hours of initiating doxycycline therapy and achieved 
full recovery. Total duration of doxycycline therapy 
ranged from 10 to 28 days; most patients received 
10–14 days of doxycycline therapy.

CSF profiles were variable and differed substan-
tially from those typically observed in bacterial men-
ingitis or meningoencephalitis (Table 1). One patient 
with severe meningitic symptoms requiring ICU-
level care had CSF findings within reference ranges. 
Another patient experienced a traumatic LP resulting 
in neutrophilic pleocytosis and low protein levels. Be-
cause traumatic LP more commonly leads to elevated 
CSF protein concentrations, the low protein observed 
in this case was unexpected and might reflect labo-
ratory measurement variability without clear clini-
cal significance. In all remaining patients, mild lym-
phocytic pleocytosis was observed with protein and 
glucose levels within reference ranges. Total CSF cell 
counts generally were 0–50 cells/µL.

Those findings suggest that CNS symptom sever-
ity does not correlate with the degree of CSF pleocy-
tosis or inflammation. Neurologic manifestations of 
anaplasmosis therefore might be mediated by sys-
temic inflammatory responses rather than direct CNS 
invasion. Although human data are lacking, a canine 
study of meningoencephalomyelitis with concurrent 
anaplasmosis failed to detect pathogen nucleic acid 
in brain tissue or CSF, supporting the hypothesis that 
direct CNS invasion is unlikely (17). That interpreta-
tion is further supported by the limited penetration 
of doxycycline across the blood–brain barrier, sug-
gesting that clinical improvement likely results from 
attenuation of systemic and neuroinflammatory pro-
cesses rather than direct antimicrobial activity within 
the CNS. Doxycycline penetrates the blood–brain 
barrier at ≈15%–30% of serum levels. However, CNS 
penetration increases when inflammation is present. 
Penetration might be higher in cases of Anaplasma 
meningitis (18), but the rapid symptomatic improve-
ment noted after doxycycline administration suggests 
that the primary benefit of the drug likely stems from 
attenuation of systemic processes rather than direct 
CNS activity. 

The hyperinflammatory potential of anaplasmo-
sis is further evidenced by its association with sec-
ondary hemophagocytic lymphohistiocytosis and 
markedly elevated serum ferritin levels during acute 
infection (19). In our study, 2 patients with sepsis 
who required ICU admission and in whom anaplas-
mosis was suspected at admission received an initial 
200-mg intravenous dose of doxycycline to increase 
CNS concentrations because of its limited penetration 

across the blood–brain barrier. However, that practice 
is not recommended by current guidelines (20), and 
whether it provides clinical benefit remains unclear. 
Patient 1 initially had stroke-like symptoms, includ-
ing hemiparesis and urinary retention, in addition to 
symptoms of meningitis. Although neuroimaging in 
this patient was unrevealing and symptoms resolved 
with doxycycline therapy, anaplasmosis-associated 
stroke has been reported in other cases and is thought 
to result from endothelial injury (8,15,21,22).

As observed previously, our findings suggest 
that CNS manifestations of anaplasmosis are com-
mon but seldom reported (7). Although encephalitis 
has been described as a relatively frequent CNS mani-
festation (23), many reported cases lacked CSF evalu-
ation, raising the possibility of encephalopathy rather 
than true encephalitis. As of April 2025, only 1 prior 
case from our institution had documented encephali-
tis supported by CSF findings with rapid response to 
doxycycline therapy (13). Further studies are needed 
to elucidate the pathophysiologic mechanisms under-
lying CNS involvement in anaplasmosis.

Diagnosis of anaplasmosis relies on clinical eval-
uation within an appropriate epidemiologic context. 
Most patients exhibit fever, pancytopenia (particu-
larly thrombocytopenia), elevated transaminases, 
and gastrointestinal symptoms (5). In endemic re-
gions, recognition of that clinical constellation often 
prompts empiric doxycycline therapy, resulting in 
rapid symptom resolution. In all our cohort patients, 
CNS symptoms improved within 24–72 hours of ini-
tiating doxycycline. We hypothesize that many pa-
tients improve before LP can be performed, which 
might explain the relatively low frequency of CSF 
evaluation in anaplasmosis.

Although bacterial culture remains the most 
sensitive diagnostic modality for anaplasmosis (24), 
routine clinical use is impractical because special-
ized cell culture systems are needed and the incuba-
tion period can be up to 4 weeks (24). Consequently, 
blood-based molecular diagnostic tests commonly 
are used (25). Serologic testing is frequently nega-
tive early in the course of disease and cannot reliably 
exclude acute infection (24,25). We identified only 1 
reported case in which Anaplasma spp. nucleic acid 
was detected in CSF (26).

Approximately 30% of patients with anaplasmosis 
require hospitalization with encephalopathy identi-
fied as a risk factor (1). In our cohort, 4 patients with 
CNS symptoms required ICU admission; however, all 
were clinically stable for transfer to a general medical 
ward within 48 hours, and only 1 required vasopres-
sor support. ICU admission remains uncommon in 
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anaplasmosis, as demonstrated in a multicenter study 
in France (27). The higher ICU admission rate in our 
cohort might reflect recognition that anaplasmosis in 
Europe is generally a milder disease than in the United 
States (28). Genetic differences between Anaplasma spp. 
from North America and Europe might partially ex-
plain those clinical variations (28). Differences in strain 
pathogenicity, reporting practices, and underdiagno-
sis also might contribute to the observed disparity (28).

Our literature search identified 9 reported cases 
of anaplasmosis with CNS manifestations in which 
patients underwent LP and CSF examination (Table 
2). Four of those patients had clinical signs and symp-
toms of encephalitis, 2 of meningoencephalitis, and 
1 of meningitis. The other 2 patients who underwent 
LP had headache and CSF findings within reference 
ranges; they ultimately had trigeminal neuralgia and 
stroke diagnosed in addition to anaplasmosis. One 
patient with encephalitis also had concomitant isch-
emic stroke. Other rare neurologic manifestations, 
including opsoclonus-myoclonus-ataxia syndrome 
and hypometric saccades, have been described (12). 
Most (7/9) of the patients had CSF protein and glu-
cose levels within reference ranges, and all 9 reported 
case-patients demonstrated lymphocytic pleocytosis, 
except for 1 patient with meningoencephalitis who 
had an equal percentage of neutrophils and lympho-
cytes in the CSF (Table 2). Although not routinely 
performed, metagenomic next-generation sequenc-
ing can detect Anaplasma spp. bacteria in CSF in select 
cases of meningitis or encephalitis (26,29).

In conclusion, patients with anaplasmosis 
who develop meningitis, encephalitis, or menin-
goencephalitis typically demonstrate minimal CSF  

abnormalities, characterized by absent or mild pleocy-
tosis with protein and glucose levels within reference 
ranges. LP and CSF analysis might be of limited use for 
managing anaplasmosis-associated CNS symptoms 
and might be more valuable for excluding alternative 
infectious etiologies that can also cause neurologic 
symptoms after a tick bite, particularly neuroborrelio-
sis, ehrlichiosis, and Powassan virus infection.
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Carbapenem-resistant Enterobacterales (CRE) 
have emerged as one of the most urgent antimi-

crobial resistance threats worldwide (1). Infections 
caused by CRE are associated with prolonged hospi-
talization, limited therapeutic options, and substan-
tial mortality rates. Among CRE, strains producing 
metallo-β-lactamase (MBL) are of particular concern 
because MBL enzymes hydrolyze most β-lactams 
(except for aztreonam), including carbapenems, and 
are not inhibited by available β-lactamase inhibi-
tors, such as clavulanate, tazobactam, avibactam, 
relebactam, and vaborbactam. The global spread 
of MBL-producing Enterobacterales, particularly 
New Dehli metallo-β-lactamase (NDM)–producing 
strains, poses a formidable challenge for clinicians 
and public health systems. Of note, a recent study 
documented a 461% increase in the age-adjusted in-
cidence of NDM-producing CRE in the United States 
during 2019–2023 (2).

Aztreonam/avibactam is a promising thera-
peutic option for infections caused by MBL-pro-
ducing organisms (3). Aztreonam is intrinsically 
stable to hydrolysis by MBLs, and avibactam pro-
vides inhibition to coproduced serine β-lactamases, 
such as extended-spectrum β-lactamase (ESBL) and 
Klebsiella pneumoniae carbapenemase (KPC). The az-
treonam/avibactam drug combination overcomes 
common combined resistance mechanisms in MBL-
producers and other CRE, addressing a major ther-
apeutic gap.

Nevertheless, emerging resistance mechanisms 
threaten the durability of aztreonam/avibactam. One 
concerning development is the insertion of motifs 
containing 4 amino acids, most commonly YRIK or 
YRIN (4), into penicillin-binding protein 3 (PBP3). 
PBP3 is a target of aztreonam and other β-lactam anti-
biotics, including ceftazidime, cefepime, and cefider-
ocol (4–7). Those PBP3 insertions are thought to alter 
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Carbapenem-resistant Enterobacterales (CRE) are a major 
global health threat with limited treatment options. Aztreo-
nam/avibactam is a promising therapy against metallo-β-
lactamase (MBL)–producing and other CRE, but emerging 
resistance threatens its effectiveness. Insertions in peni-
cillin-binding protein 3 (PBP3), which are well described in 
Escherichia coli, are linked to reduced aztreonam/avibactam 
susceptibility but remain poorly characterized in Klebsiella 
pneumoniae. We report clinical K. pneumoniae carbapen-
emase–producing K. pneumoniae sequence type 11 isolates 

carrying a novel PBP3 YRIT insertion, conferring reduced 
susceptibility to aztreonam/avibactam and ceftazidime/avi-
bactam. Functional and genetic studies suggest that the 
PBP3 insertion impairs β-lactam binding and, in combination 
with blaKPC-2 and other β-lactamases, contributes to reduced 
susceptibility. Those findings demonstrate the emergence of 
a PBP3 insertion in a high-risk K. pneumoniae clone, under-
scoring the expansion of this resistance mechanism and the 
critical need for genomic surveillance and novel therapeutics 
to identify and treat such infections.
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access to the transpeptidase pocket, thereby reducing 
the activity of PBP3-targeting agents. On their own, 
PBP3 insertions confer only modest increases in MICs 
to aztreonam/avibactam and ceftazidime/avibactam 
(5,6,8,9). However, those mutations frequently occur 
alongside additional β-lactamases (e.g., blaNDM and 
blaCMY) and other resistance determinants (e.g., cirA 
mutation) (10–12). Combined, those mechanisms can 
drive near pan–β-lactam resistance, which can have 
serious clinical consequences, including treatment 
failure and patient death (11,12).

PBP3 insertions predominantly have been de-
scribed in Escherichia coli (4); however, the occur-
rence and clinical significance of PBP3 insertions in 
K. pneumoniae, another multidrug-resistant pathogen 
and leading cause of healthcare-associated infections, 
remain poorly understood. A few amino acid substi-
tutions in PBP3 of K. pneumoniae have been implicat-
ed in increased resistance to aztreonam/avibactam, 
ceftazidime/avibactam, or ceftibuten/avibactam 
(13–15). However, to our knowledge, PBP3 insertions 
in clinical cases of K. pneumoniae have not yet been 
described in the literature, and the interplay between 
the PBP3 alterations and β-lactamases warrants fur-
ther investigation. In this study, we describe 2 clinical 
cases in Taipei, Taiwan, involving KPC-producing K. 
pneumoniae isolates carrying PBP3 insertions.

Cases and Methods

Case 1
The first case occurred in a woman in her mid-70s with 
a history of heart failure and hypertension who was 
admitted to a tertiary-care hospital in Taipei for gas-
trointestinal bleeding in mid-April 2021. She initially 
received ciprofloxacin for pyuria on the basis of a pri-
or urine culture that had yielded E. coli. During that 
admission, she had acute osteomyelitis of the right 
great toe diagnosed and underwent sequestrectomy 
on hospitalization day 14. Cultures from that speci-
men grew Enterococcus faecalis and Streptococcus con-
stellatus, and she was treated with moxifloxacin. On 
hospitalization day 24, a new urinary tract infection 
developed, and urine culture grew carbapenem-resis-
tant K. pneumoniae (isolate no.  LC1490). Ceftazidime/
avibactam therapy was initiated but was switched 
to amikacin after susceptibility testing confirmed re-
duced susceptibility to ceftazidime/avibactam (MIC 
8 µg/mL) (Table). After a 7-day course of amikacin, 
the patient recovered and was discharged. In mid-to-
late June 2022, she was readmitted for a right intertro-
chanteric hip fracture and underwent open reduction 
and internal fixation. Postoperatively, respiratory 
failure and shock developed, requiring admission to 
the intensive care unit. She was treated sequentially 

 
Table. Antimicrobial susceptibility of isolates from a study of emergence of Klebsiella pneumoniae carbapenemase-producing K. 
pneumoniae with PBP3 insertions, Taiwan, 2021* 

Strain bla plasmids 
MIC, µg/mL† 

IMP MEM CAZ ATM CAZ/AVI ATM/AVI IMP/REL MEM/VBR CFDC 
LC1489 blaKPC-2, blaSHV-11, 

blaTEM-1, blaDHA-1 
128 >128 >128 >128 8 8 0.5 2 0.5 

LC1490 blaKPC-2, blaSHV-11, 
blaTEM-1, blaDHA-1 

128 >128 >128 >128 8 8 0.25 1 0.5 

LC1491 blaSHV-11, blaKPC-2 128 >128 >128 >128 4 1 0.5 2 0.25 
ΔpKPC           
 LC1489 blaSHV-11, blaTEM-1, 

blaDHA-1 
2 2 >128 16 4 2 0.25 0.25 0.06 

 LC1490 blaSHV-11, blaTEM-1, 
blaDHA-1 

2 2 >128 32 4 4 0.25 0.25 0.06 

 LC1491 blaSHV-11 0.25 1 4 2 1 1 0.5 0.25 0.06 
LC1491 derivative‡           
 LC2124, KPC-21a blaSHV-11, blaKPC-21 32 >128 >128 >128 32 >128 2 4 1 
 LC2125, KPC-21b blaSHV-11, blaKPC-21 32 >128 >128 >128 16 >128 2 4 0.5 
 LC2126, KPC-21c blaSHV-11, blaKPC-21 32 >128 >128 >128 32 >128 2 4 1 
ΔpKPC-pUC-NDM§           
 LC1489 blaNDM-1, blaSHV-11, 

blaTEM-1, blaDHA-1 
>128 >128 >128 64 >128 4 >128 >128 32 

 LC1490 blaNDM-1, blaSHV-11, 
blaTEM-1, blaDHA-1 

>128 >128 >128 64 >128 4 >128 >128 32 

 LC1491 blaNDM-1, blaSHV-11 >128 >128 >128 4 >128 1 >128 >128 32 
*All isolates had PBP3 insertion YRIT, OmpK35 with a premature stop codon at amino acid position 63, and OmpK36 with a glycine–aspartate insertion at 
amino acid position 134 GD. Bold indicates nonsusceptibility. ΔpKPC, blaKPC-2 plasmid-cured mutants; ATM, aztreonam; ATM/AVI, aztreonam/avibactam; 
CAZ, ceftazidime; CAZ/AVI, ceftazidime/avibactam; CFDC, cefiderocol; IMP, imipenem; IMP/REL, imipenem/relebactam; KPC, Klebsiella pneumoniae 
carbapenemase; MEM, meropenem; MEM/VBR, meropenem/vaborbactam; NDM, New Dehli metallo-β-lactamase; PBP3, penicillin-binding protein 3. 
†Susceptibility determined on the basis of Clinical and Laboratory Standards Institute 2025 breakpoints (16), except for ATM/AVI, for which we used 
EUCAST breakpoint (>4 μg/mL).  
‡Selected KPC-21 mutant strains obtained through an in vitro selection experiment. 
§blaKPC-2 plasmid-cured mutants carrying a pUC-blaNDM-1 vector. 
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with piperacillin/tazobactam and ceftriaxone, with 
clinical improvement. However, on hospitalization 
day 18, a sputum culture yielded carbapenem-resis-
tant K. pneumoniae (isolate no. LC1491). She received 
ceftazidime/avibactam for 9 days and recovered.

Case 2
The second case occurred in a man in his mid-90s, 
who was admitted to the same hospital as in case 1 
for weakness and turbid urine in late April 2021. His 
medical history included ischemic stroke with bed-
bound status and chronic urinary retention managed 
with a long-term indwelling catheter. Three months 
before admission, urosepsis caused by multidrug-re-
sistant E. coli was diagnosed and treated sequentially 
with cefepime, meropenem, ceftazidime, and levo-
floxacin. He was discharged 3 weeks before the late 
April 2021 admission. Culture of urine collected at ad-
mission revealed carbapenem-resistant K. pneumoniae 
(isolate no. LC1489). He was started on ceftazidime/
avibactam for urinary tract infection, but susceptibil-
ity testing revealed reduced ceftazidime/avibactam 
susceptibility (MIC 8 µg/mL) (Table). Treatment was 
then switched to fosfomycin monotherapy for 7 days, 
and he recovered and was discharged.

Methods
We performed antimicrobial susceptibility testing 
of bacterial isolates by broth microdilution, accord-
ing to Clinical and Laboratory Standards Institute 
guidelines (16). We assessed cefiderocol susceptibil-
ity by using iron-depleted Mueller-Hinton media. We 
performed whole-genome sequencing on a NovaSeq 
platform (Illumina, https://www.illumina.com) and 
performed genome assembly, quality control, and 
identification of multilocus sequence type (ST), cap-
sule (K locus [KL]) and O-antigen locus, resistance 
genes, and porin mutations, as previously described 
(17,18). To assess clonal relatedness among isolates, 
we used Snippy version 4.6 (https://github.com/
tseemann/snippy) to perform core single-nucleotide 
polymorphism (SNP) analysis, filtering repetitive and 
recombination regions, as previously described (17). 
As the reference for core SNP analysis, we used the 
genome of a completely closed ST11 K. pneumoniae 
strain, 2020N17-130, from Taiwan (GenBank acces-
sion no. CP129835). That strain is genetically close to 
isolates from the 2 cases (LC1489–91) but has a wild-
type PBP3. 

To evaluate the functional contribution of resis-
tance determinants, we cured the blaKPC-2 plasmid by 
using our previously established pCasCure plasmid 
curing system (19), then performed susceptibility 

testing of cured derivatives. To identify resistance 
evolution, we conducted multistep in vitro selection 
experiments under aztreonam/avibactam treatment 
by using our previously published method (20) and 
performed whole-genome sequencing of resistant 
mutants to define the underlying genetic changes. 
We used confocal microscopy of live/dead staining 
to characterize morphologic changes in K. pneumoniae 
carrying wild-type PBP3 and PBP3 insertions (21). In 
addition, we cloned blaNDM-1 into a pUC vector and in-
troduced clones into blaKPC-2–cured strains to assess its 
effect on antimicrobial susceptibility profiles.

The Institutional Review Board of Taipei Veter-
ans General Hospital provided ethics approval for the 
clinical data collection of both patients (approval no. 
2024-01-004BC); the requirement for informed con-
sent was waived. We deposited raw sequence data 
into National Center for Biotechnology Information 
(https://www.ncbi.nlm.nih.gov/bioproject; BioPro-
ject no. PRJNA1308160).

Results
Susceptibility testing showed that the 3 patient strains 
(LC1489–91) were resistant to imipenem and merope-
nem and displayed reduced susceptibility to ceftazi-
dime/avibactam (MIC 4–8 µg/mL) and aztreonam/
avibactam (MIC 1–8 µg/mL) but remained suscep-
tible to imipenem/relebactam, meropenem/vabor-
bactam, and cefiderocol (Table). We next conducted 
conventional PCR and Sanger sequencing to examine 
whether the reduced ceftazidime/avibactam and az-
treonam/avibactam susceptibility was caused by KPC 
variants (e.g., D179Y) or MBLs. Sequencing results re-
vealed that blaKPC-2 was the only carbapenemase gene 
in each of the 3 isolates. The absence of KPC variants 
or MBLs suggested that other mechanisms caused the 
reduced susceptibility to ceftazidime/avibactam and 
aztreonam/avibactam. 

Genomic analysis revealed that all 3 isolates be-
longed to the high-risk ST11 clone and harbored 
KL47 and O-antigen locus type 13. Core SNP analy-
sis showed that the isolates differed by an average 
of 10 (range 8–12) SNPs, indicating a high degree of 
clonality. All 3 isolates carried the β-lactamase genes 
blaKPC-2, blaTEM-1, and blaSHV-11. The outer membrane pro-
tein OmpK35 contained a premature stop codon at 
amino acid position 63, and the OmpK36 protein had 
a glycine-aspartate insertion at position 134. Isolates 
LC1489 and LC1490 carried an additional plasmid-
borne AmpC gene, blaDHA-1 (Table). We suspect that the 
OmpK defects, combined with different β-lactamases, 
could partially contribute to the reduced aztreonam/
avibactam and ceftazidime/avibactam susceptibility 
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observed in the isolates, which is consistent with find-
ings reported in previous studies (20,22).

Of note, further mining revealed that all 3 strains 
contained a 4–amino acid insertion, YRIT, after resi-
due 333 (positions 334–7) in FtsI (PBP3) (Figure 1). 
Amino acid insertions in PBP3, particularly the tet-
rapeptides YRIN or YRIK at the same position (aa 
334–7), frequently have been reported in E. coli and 
are associated with reduced susceptibility to aztreo-
nam, cefepime, ceftazidime, and cefiderocol, all of 
which primarily target PBP3. However, a comparable 
PBP3  YRIX tetrapeptide insertion has not previously 
been reported in K. pneumoniae. We hypothesized that 
this PBP3 insertion contributed to the reduced aztreo-
nam/avibactam and ceftazidime/avibactam suscep-
tibility observed in those strains. Confocal laser scan-
ning microscopy analysis showed that when treated 
with aztreonam (≈1/2 MICs for 6 hours), the wild-
type PBP3 became elongated and filamentous (Fig-
ure 2, panel A), a typical feature of PBP3 inhibition, 
whereas the PBP3 with insertion mutations remained 
unchanged (Figure 2, panel B), suggesting that those 
mutations confer resistance by preventing β-lactam 
from effectively binding to PBP3.

Of note, on the basis of available data from E. coli 
(23), PBP3 tetrapeptide insertions alone are not usu-
ally sufficient to confer β-lactam resistance. Those in-
sertions often co-occur with β-lactamases like NDM 
or CMY, leading to elevated resistance to aztreonam/
avibactam and other β-lactams, whereas we detected 
KPC-2 in our 3 strains. 

To assess the effects of KPC on aztreonam/avi-
bactam susceptibility, we precisely removed the 
KPC plasmid, then performed susceptibility testing. 
Curing blaKPC-2 markedly reduced the imipenem and 
meropenem MICs, rendering the strains susceptible 
to carbapenems. However, the blaKPC-2–cured LC1489 
and LC1490 strains remained resistant to aztreonam 
and ceftazidime because of blaDHA-1. By contrast, the 
blaKPC-2–cured LC1491 strain, which lacked blaDHA-1, 

showed an >32-fold reduction in MICs for imipenem, 
meropenem, aztreonam, and ceftazidime. Curing 
blaKPC-2 also resulted in a 2- to 4-fold decrease in the 
MICs of novel β-lactam/β-lactamase inhibitor com-
binations, including aztreonam/avibactam, ceftazi-
dime/avibactam, meropenem/vaborbactam, and 
cefiderocol.

Mutations in the blaKPC gene, particularly those 
located in the Ω-loop, are known to cause resistance 
to ceftazidime/avibactam, arising through both in 
vitro selection and in vivo evolution. To determine 
whether high-level aztreonam/avibactam resistance 
could be obtained through blaKPC mutation, we con-
ducted an in vitro selection experiment to evaluate 
whether the PBP3 YRIT insertion strain could de-
velop high-level resistance, following a previously 
published protocol (20). We chose strain LC1491 for 
that experiment because it carried only the blaKPC-2 
carbapenemase gene and the chromosome-bearing 
blaSHV-11. After multistep selection for aztreonam/
avibactam resistance, the LC1491 strain had a MIC 
>128 µg/mL (Table). 

To elucidate the underlying resistance mecha-
nism, we isolated 3 resistant colonies from LC1491 
(LC2124–26) and performed next-generation se-
quencing by using the NovaSeq platform (Illumina). 
Core-genome analysis revealed that the 3 mutants 
were nearly identical to the parental LC1491 strain, 
differing by <2 SNPs. Of note, all 3 resistant deriva-
tives harbored a blaKPC-21 variant, which contained a 
single-nucleotide substitution (T→A at position 310) 
resulting in an amino acid change from tryptophan to 
arginine at Ambler position 105 (Trp105Arg, W105R). 
That variant corresponds to KPC-21, which was pre-
viously identified in a clinical E. coli ST131 isolate (24) 
and, in a recent in vitro selection study, was shown 
to confer resistance to aztreonam/avibactam in E. coli 
when combined with a PBP3 insertion (25).

To assess the effects of blaNDM-1 on the antimicrobial 
susceptibility profile of PBP3 insertions K. pneumoniae,  

Figure 1. Penicillin-binding protein 3 (PBP3) amino acid alignment of Klebsiella pneumoniae carbapenemase–producing  
K. pneumoniae with PBP3 insertions, Taiwan, 2021. Representative Escherichia coli genomes with wild-type PBP3 (GenBank accession 
no. WP_000642213) and YRIK (accession no. AWF10252) and YRIN (accession no. YP_005225104) insertions are shown, as is  
K. pneumoniae genome without insertions. LC1489–91 are patient-derived K. pneumoniae genomes with PBP3 YRIT insertions from 
this study. Ec, E. coli; Kp, K. pneumoniae.
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we cloned blaNDM-1 into a pUC vector (pUC-blaNDM-1) 
and introduced it into blaKPC-cured LC1489, LC1490, 
and LC1491. The results showed that acquisition of 
blaNDM-1 led to high-level resistance to nearly all tested 
β-lactams and β-lactam/β-lactamase inhibitor com-
binations. Aztreonam/avibactam remained the most 
active agent against the 3 strains, with MICs of 4 µg/
mL in pUC-blaNDM-1–harboring LC1489 and LC1490 
(both co-harboring blaDHA-1) and of 1 µg/mL in pUC-
blaNDM-1–harboring LC1491. In addition, cefiderocol 
activity was substantially reduced in the blaNDM-1 con-
structs, with MICs increasing to 32 µg/mL.

Conclusions
Taken together, findings from this study identified 
the emergence of K. pneumoniae ST11 strains carrying 
a novel 4–amino acid YRIT insertion in PBP3, which 
was associated with reduced susceptibility to both 
aztreonam/avibactam and ceftazidime/avibactam. 

Although PBP3 insertions have been more commonly 
described in E. coli, detection in K. pneumoniae sug-
gests the possibility for dissemination of this resistance 
mechanism across species. Of note, K. pneumoniae ST11 
is a high-risk clone capable of acquiring diverse resis-
tance and virulence plasmids and spreading efficiently 
(26–28). Our findings uncover a previously unrecog-
nized mechanism contributing to β-lactam resistance 
in K. pneumoniae and underscore the urgent need for 
continued genomic surveillance, development of nov-
el therapeutics, and reinforced infection control mea-
sures to identify, treat, and prevent such infections.
Research reported in this publication was supported in 
part by the National Institute of Allergy and Infectious 
Diseases of the National Institutes of Health (award 
nos. R21AI190454, R01AI182297, and R01AI173064). The 
content is solely the responsibility of the authors and does 
not necessarily represent the official views of the National 
Institutes of Health.

Figure 2. Confocal laser 
scanning microscopy of Klebsiella 
pneumoniae carbapenemase 
(KPC)–producing K. pneumoniae 
with penicillin-binding protein 
3 (PBP3) insertions with and 
without ATM treatment, Taiwan, 
2021. Isolates on the left (ATM–) 
were not treated with aztreonam 
and isolates on the right (ATM+) 
were treated with 64 µg/mL ATM 
for 6 hours. A) KPC-producing 
K. pneumoniae with wild-type 
PBP3 showing elongated and 
filamentous PBP3 in ATM+, a 
typical feature of PBP3 inhibition. 
Isolate used (isolate no. LC6990) 
was collected from the same 
hospital as patient isolate in 
this study (B) and had similar 
sequence type 11, K locus 47, 
KPC-2–producing background, 
and aztreonam MIC (>128 µg/
mL). B) KPC-producing K. 
pneumoniae with PBP3 insertion 
mutations from isolate LC1491 
from this study. Note that ATM+ 
does not show PBP3 inhibition 
(filamentation) under the 
conditions of this experiment. 
Images were acquired using a 
63× objective. ATM, aztreonam.
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New Delhi metallo-β-lactamase 1 (NDM-1) is an Am-
bler class B β-lactamase enzyme named after the capi-

tal of India, New Delhi. This class of enzymes requires Zn2+ 
ions for activity, hence metallo-β-lactamase. The transmis-
sible genetic element–associated blaNDM-1 encodes NDM-
1, which confers resistance to all β-lactam antibiotics 
except monobactams. The gene was first identified and 
reported in 2009 from a urinary tract infection–causing  
carbapenem-resistant Klebsiella pneumoniae isolate. Re-
portedly, the blaNDM-1–harboring K. pneumoniae strain 
(linked to sequence type 14) was isolated from an India-
born patient in Sweden who acquired a urinary tract in-
fection while visiting New Delhi. 

NDM’s eponymous association with New 
Delhi sparked anguish among authorities in India, 
who saw the terminology as a means to tarnish the 
country’s growing medical tourism industry. Some 
suggested changing the term to PCM (plasmid-en-
coding carbapenem-resistant metallo-β-lactamase). 
However, the sporadic concerns regarding nomen-
clature were never formally addressed, and the 
term NDM-1 eventually gained universal accep-
tance within the scientific community. By the end of 
2025, >63 distinct NDM variants had been reported  
worldwide and sequentially designated NDM-1 
through NDM-63.
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From late 2022 through 2023, multiple countries 
marked increases in group A Streptococcus (GAS) 

infections, including less severe illnesses and invasive 
infections, especially in children <10 years of age (1,2). 
Invasive GAS (iGAS) infections increased in 10 US 
states during 2013–2022 and surged in the United States 
and Europe during 2022–2023 (3,4). GAS colonization 
is more common in children, in whom asymptomatic 
throat carriage ranges from 5% to 15% (5). Persons ex-
periencing homelessness (PEH) have a higher risk for 
iGAS disease compared with the general population 
(6,7). Outbreaks of invasive and noninvasive GAS in-
fections in PEH have been described predominantly 
in adults and have been linked to alcohol or injection 
drug use and wounds or other skin breakdown (7–10). 
Clusters of GAS infections in shelter settings have been 

characterized by whole-genome sequencing and have 
required rapid response activities to mitigate transmis-
sion (8,10). However, the transmission of GAS infec-
tions within homeless shelters is poorly understood, 
particularly in shelters that house children.

During August 31, 2022, through December 31, 
2024, more than 50,000 migrant new arrivals, pre-
dominantly from Venezuela, traveled to Chicago, Illi-
nois, USA, and the city of Chicago opened 27 shelters 
to house them (11). Shelters housed either families 
with children <18 years of age or single adults; for 
single adults, men and women were housed in sex-
specific areas of the same building. Shelters ranged 
from hotel-based facilities with 1–2 families per room 
to warehouses with large open rooms housing hun-
dreds of persons.

Group A Streptococcus Disease 
Outbreak Associated with  
Large Congregate Shelter,  

Chicago, Illinois, USA,  
October 2023–January 2024
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Chicago Department of Public Health identified 3 pedi-
atric patients hospitalized with group A Streptococcus 
(GAS) disease during October 26–November 3, 2023, in 
a large congregate family migrant shelter in Chicago, Illi-
nois, USA. One patient had invasive GAS infection; 2 had 
peritonsillar abscesses requiring drainage. Despite in-
fection control measures, GAS pharyngitis cases contin-
ued through November 13. Chicago Department of Pub-
lic Health coordinated clinical partners to perform rapid 
antigen detection testing and throat cultures for residents 

and staff with pharyngitis symptoms. During November 
20, 2023–January 3, 2024, a total of 428 symptomatic 
persons were evaluated; 166 tested positive for GAS. 
Among persons with GAS pharyngitis, median age was 
12 years (range 0–45 years); 54.2% were women and 
girls. Common symptoms included sore throat (87.3%) 
and fever (63.3%). One pediatric resident death caused 
by invasive GAS was confirmed postmortem. This re-
sponse highlights outbreak challenges in large congre-
gate shelters housing children.
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We describe the public health response to a GAS 
disease outbreak in a large, congregate new arrival 
shelter (shelter A) with a rapidly expanding census 
of ≈1,300–1,700 residents during October 26, 2023– 
January 3, 2024. Approximately 50% of the popula-
tion housed at shelter A was <18 years of age.

Methods
iGAS infections are a reportable condition in Illinois 
and are defined as isolation of GAS from a normally 
sterile body site (e.g., blood or cerebrospinal fluid) or 
from a wound culture accompanied by necrotizing 
fasciitis or streptococcal toxic shock syndrome. Chica-
go Department of Public Health (CDPH) investigates 
all laboratory and provider-reported cases of iGAS 
disease in the city of Chicago. Investigations include 
identifying the clinical manifestations of infection, 
evaluating potential risk factors, and providing pre-
vention and control guidance for cases that occur in 
a congregate or healthcare setting. Noninvasive GAS 
infections are those with clinically compatible ill-
ness and detection of GAS from a nonsterile site (e.g., 
throat or wound) and are not reportable in Illinois. 
The Illinois Department of Public Health defines an 
outbreak of GAS disease as either >2 epidemiologi-
cally linked iGAS disease cases or >1 iGAS disease 
case and >1 noninvasive GAS disease case that are ep-
idemiologically linked within a 4-month period. We 
defined suspected cases in this outbreak as illness in 
persons at shelter A with symptoms consistent with 
pharyngitis that did not involve laboratory testing.

CDPH provides guidance and technical support 
to shelter facilities in infection prevention and con-
trol, outbreak response, disease reporting, behavioral 
health, maternal neonatal and child health, and health-
care navigation, and collaborates with healthcare 
providers serving this population. During August  
2022–December 2024, healthcare for immigrant popu-
lations was provided predominantly by a health clin-
ic associated with a large, publicly funded healthcare 
system. CDPH also funds shelter-based service teams 
that provide onsite clinical care at the shelters.

During the week beginning November 6, 2023, 
three cases of GAS infection requiring hospitaliza-
tion were reported in residents of shelter A, who 
had symptom onset dates ranging from October 23 
to November 3. One case was invasive, and 2 cases 
required surgical drainage of peritonsillar abscesses. 
All 3 cases were in children (<18 years of age); 2 cases 
were in children <5 years of age. Shelter A opened 
to house new arrivals approximately 3 weeks before 
the identification of the initial case. At that time, liv-
ing quarters within the shelter were 3 large open  

congregate rooms on the first floor with multiple 
shared bathrooms and 2 large congregate eating spac-
es. Shelter A’s capacity expanded from 3 large rooms 
for congregate living in November 8, 2023, to 8 congre-
gate rooms in January 3, 2024 (housing ≈1,300–1,700 
persons total). Data on admissions to and exits from 
the shelter are unavailable because admissions and 
exits during that period were fluid. CDPH conduct-
ed a site visit at shelter A on November 7 to identify 
spaces for isolation, introduce provider reporting, and 
implement an infection prevention assessment tool, 
which collected information on resident population, 
infection control practices, environmental cleaning, 
clinical partners, protocols for resident illness, isola-
tion and exclusion policies, and disease reporting. On 
November 13, a CDPH-funded primary care team vis-
ited the shelter and evaluated ill persons. During No-
vember 3–13, CDPH identified additional residents of 
shelter A with suspected GAS pharyngitis. Beginning 
November 20, CDPH implemented enhanced case-
finding and treatment for residents and staff.

Because resources for facilitywide screening and 
treatment were not available, CDPH collaborated with 
clinical partners to assess symptomatic residents and 
staff, conduct GAS testing, and provide treatment. 
Before the testing event, shelter managers distributed 
CDPH-developed Spanish-language handouts re-
garding GAS pharyngitis symptoms and the impor-
tance of testing and treatment, so that persons with 
sore throat or other compatible symptoms would seek 
care. During testing events, shelter managers and con-
tracted clinical partners visited each room in shelter 
A to recruit residents for screening of symptoms con-
sistent with GAS pharyngitis and refer symptomatic 
residents for onsite testing (12). Providers collected 
demographic information, sleeping location within 
the shelter, and symptoms; assessed symptomatic 
persons for signs of clinical instability; and, if need-
ed, arranged emergency medical service transport. If 
patients were clinically stable, providers evaluated 
patients and performed a streptococcal rapid antigen 
detection test (RADT) to enable immediate diagno-
sis and treatment and collected a second swab speci-
men for culture. Because antimicrobial susceptibility 
testing results for 1 of the initial 3 hospitalized case- 
patients was pansusceptible, we administered azithro-
mycin to persons testing positive on RADT (a regimen 
based on Centers for Disease Control and Prevention 
[CDC] guidance (13) and selected because of its short 
course and availability of liquid formulation for pedi-
atric dosing), and we advised these patients to wear a 
face mask. Persons subsequently testing positive by 
culture received antibiotics if they could be located 
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after culture results were received. We recommended 
that persons testing negative on RADT receive addi-
tional clinical evaluation. If clinical suspicion of strep-
tococcal pharyngitis remained high, especially in the 
context of close contacts testing positive on RADT, 
we administered antibiotics empirically. The CDC 
National Center for Immunization and Respiratory 
Diseases Division of Bacterial Diseases Streptococcus 
Laboratory and CDPH’s locally contracted laboratory 
provided culture results. Provider teams visited shel-
ter A for testing and treatment 3 times weekly for the 
first week and then decreased to once per week as re-
sources allowed. The last testing and treatment event 
occurred on January 3, 2024, because the number of 
symptomatic persons seeking screening and the per-
centage testing positive declined and resources were 
prioritized to address an active varicella outbreak 
among residents of shelter A.

We sent bacterial cultures from the first testing 
event to the CDC Streptococcus Laboratory for strain 
characterization. The laboratory performed whole-
genome sequencing (WGS) and single-nucleotide 
polymorphism (SNP) analyses to determine emm 
types and antimicrobial susceptibility and to verify 
temporal relatedness of the isolates. A commercial 
laboratory performed subsequent bacterial cultures, 
which were not available for WGS. We used results 
from WGS for surveillance purposes only and did not 
use them for diagnosis, treatment, assessment of pa-
tient health, or case management.

CDPH’s activities were reviewed by the CDPH 
Institutional Review Board chair. The activities were 
determined to not constitute research and to be ex-
empt from internal review board review.

Results

Surveillance, Outbreak Detection, Outbreak Response
During November 20, 2023–January 3, 2024, we test-
ed a total of 428 persons (425 residents and 3 staff) 
for GAS at shelter A. Among persons tested, 260 
(60.7%) tested negative, 166 (38.8%) tested positive, 
and 2 (0.5%) had missing test results (Figure 1). Of 
those who tested positive, we identified 114 (68.7%) 
through RADT and 52 (31.3%) through culture only 
(Table). We screened 25 symptomatic persons during 
>1 testing event, 2 (8%) of whom tested positive on 
subsequent testing. We identified cases among per-
sons in all 8 rooms of the shelter, but we found most 
cases (109 [65.1%]) among persons in 2 rooms where 
the initial case-patients requiring hospitalization 
were housed (rooms A and B). Persons tested posi-
tive persons were predominantly women and girls 
(90 [54.2%]). Median age of persons testing positive 
was 12 years (range 0–45 years); 93 (56.0%) persons 
were in the 0–17-year age category. One child who 
previously tested negative during screening had dis-
seminated iGAS diagnosed by a medical examiner 
outside of CDPH testing efforts.

We prescribed antibiotics to 144 (86.7%) per-
sons testing positive and 73 (28.1%) symptomatic 
close contacts testing negative. Among persons test-
ing positive through RADT, we treated 112 (98.2%) 
with antibiotics. Of the 52 who tested positive only 
through culture, 32 (61.5%) could be located and 
treated with azithromycin. We did not consider 
use of intramuscular benzathine G plus rifampin 
as a single dose because of limits on resources and  
operational capacity.

Figure 1. Epidemiologic curve 
for GAS cases in shelter A, 
by year and epidemiologic 
week, Chicago, Illinois, USA, 
October 25, 2023–January 
3, 2024. Vertical dashed 
lines indicate key response 
activities. Suspect cases were 
identified clinically, without 
rapid or laboratory testing. 
Suspect cases identified 
clinically without rapid or 
laboratory testing. GAS, 
group A Streptococcus; iGAS, 
invasive GAS; IPC, infection 
prevention and control.
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During the outbreak, we conducted screening 13 
times. On each testing day, 9–58 persons were tested 
(mean  33 persons). Screening positivity peaked on 
November 20, 2023, when 36 (78.3%) of 46 persons 
screened tested positive. The second-highest screen-
ing positivity occurred on December 27, 2023, when 5 
(56.0%) of 9 persons screened tested positive (Figure 
2). Because of rapid turnover, CDPH had no reliable 
mechanism to determine daily shelter census. We re-
stricted GAS screening to those with clinically com-
patible symptoms. Close contacts of clinically com-
patible persons also were subject to screening at the 
discretion of the treating clinician. We observed no 
identifiable pattern to positivity during the screening 
period, and the number of persons screened varied 
because of the capacity of the testing teams. 

Infection Control Assessment
After the November 5 infection control assessment, 
CDPH recommended that shelter A managers add sig-
nage for residents promoting hand hygiene and cough 
etiquette. Other recommendations were to ensure  

daily cleaning of bathrooms, coordinate transport 
of residents with respiratory illness to a contracted 
healthcare provider, retain onsite rapid COVID-19 
and influenza testing capacity, and implement dis-
ease reporting.

Laboratory Testing
Of 48 cultures sent for typing, 14 (29.2%) were emm1.0, 
19 (39.6%) were emm12, and 15 (31.3%) were emm75. 
We detected all 3 emm types in rooms A and B. In to-
tal, sequencing identified 6 different GAS sublineages 
(2 emm1, 3 emm12, and 1 emm75). WGS analysis identi-
fied 2 different clusters of emm1 isolates; cluster 1 con-
sisted of 5 isolates with 0–2 SNP differences, and clus-
ter 2 consisted of 8 isolates with 0–7 SNP differences. 
Two isolates available from the initial 3 case-patients 
were emm1 that were genetically indistinguishable 
and pan-susceptible.

Clinical Characteristics
Common symptoms among those persons in whom 
GAS pharyngitis was diagnosed were sore throat 

 
Table. Characteristics of 426 persons screened for group A Streptococcus during point prevalence survey screening in large 
congregate shelter, Chicago, Illinois, USA, November 20, 2023–January 3, 2024* 
Characteristic Identified through RADT, no. (%) Identified through culture, no. (%) Negative, no. (%) 
Total 114 (100) 52 (100) 260 (100) 
Resident 114 (100) 51 (98.1) 258 (99.2) 
Staff 0 (0) 1 (1.9) 2 (0.8) 
Sex    
 M 54 (47.4) 21 (40.4) 108 (41.5) 
 F 60 (52.6) 30 (57.7) 152 (58.5) 
 Not reported 0 1 (1.9) 0 
Age group, y    
 0–17 61 (53.5) 32 (61.5) 135 (51.9) 
 18–29 27 (23.7) 14 (26.9) 57 (21.9) 
 30–39 22 (19.3) 6 (11.5) 52 (20.0) 
 40–49 4 (3.5) 0 13 (5.0) 
 50–59 0 0 2 (0.8) 
 ≥60 0 0 1 (0.4) 
 Unknown 0 0 0 
Room    
 A 42 (36.8) 21 (40.4) 87 (33.5) 
 B 31 (27.2) 14 (26.9) 81 (31.2) 
 C 3 (2.6) 3 (5.8) 6 (2.3) 
 D 10 (8.8) 5 (9.6) 26 (10.0) 
 E 13 (11.4) 3 (5.8) 25 (9.6) 
 F 5 (4.4) 0 7 (2.7) 
 G 2 (1.8) 0 7 (2.7) 
 H 1 (0.9) 3 (5.8) 1 (0.4) 
 Unknown or unverified 7 (6.1) 1 (1.9) 18 (6.9) 
 NA 0 2 (3.8) 2 (0.8) 
Symptoms    
 Fever 76 (66.7) 29 (55.8) 162 (62.3) 
 Sore throat 102 (89.5) 43 (82.7) 212 (81.5) 
 Headache 72 (63.2) 26 (50.0) 146 (56.2) 
 Nausea 29 (25.4) 17 (32.7) 93 (35.8) 
 Vomiting 21 (18.4) 11 (21.2) 55 (21.2) 
 Abdominal pain 25 (21.9) 17 (32.7) 71 (27.3) 
 Difficulty breathing 35 (30.7) 21 (40.4) 108 (41.5) 
Antibiotics prescribed 112 (98.2) 32 (61.5) 73 (28.1) 
*Two cases had indeterminate results and are not included in this table. NA, not available; RADT, rapid antigen detection test. 
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(87.3%), fever (63.3%), and headache (59.0%). Among 
persons testing negative on RADT, we noted simi-
lar commonly reported symptoms, including sore 
throat (81.5%), fever (62.3%), and headache (56.2%). 
Among iGAS case-patients, the person with the inva-
sive case during the initial cluster had otitis interna 
and infected mastoid air cells. The other case-patient 
with invasive disease was deceased on arrival to the 
emergency department, and testing demonstrated 
COVID-19 and adenovirus co-infection postmortem. 
The decedent child had GAS isolated from blood, 
cerebrospinal fluid, liver, and spleen; cause of death 
was determined by the medical examiner to be GAS 
sepsis. No additional peritonsillar abscesses or hospi-
talizations attributable to GAS after CDPH’s response 
were reported.

Discussion
We describe a GAS disease outbreak in a new-arrival 
shelter in Chicago. Unlike outbreaks in traditional 
homeless shelters, which generally house an older 
population with wounds serving as a key risk fac-
tor (5,6,8,9), new arrival shelters may have a younger 
population with fewer underlying conditions, and 
clinical risk factors for infection may include co-infec-
tion with routine pediatric illnesses. New arrival shel-
ter populations in Chicago were more dynamic than 
the traditional homeless shelter population because 
census spikes and housing demand were tied closely 
to the volume of new arrivals, and such populations 
may require tailored communication approaches be-
cause of language differences.

In more well-documented settings like health-
care facilities, outbreaks of GAS disease often are ap-
proached aggressively with testing and treatment of 
all potentially exposed persons (14,15). In response 
to another GAS disease outbreak among adults  

experiencing homelessness in Alaska, CDC’s Arctic 
Investigations Program distributed treatment at sites 
frequently used by the population (e.g., shelters, soup 
kitchens, and supportive housing units) (8). The large 
and transient population in shelter A made neither of 
those approaches feasible. At the time of the outbreak, 
shelter A’s census increased by ≈400 residents within 
a month’s time, and lack of admission and exit track-
ing contributed to the challenge of quantifying this 
dynamic population. That rapid growth, coupled with 
limited public health resources, impeded deployment 
of shelterwide testing and treatment and necessitated 
targeted interventions. Because facilitywide screening 
or treatment was not feasible, we conducted testing of 
symptomatic persons at shelter A, aiming resources 
at persons more likely to spread infection among the 
shelter population.

Quick access to testing and treatment (including 
treatment of persons testing negative who had GAS-
positive close contacts) onsite probably reduced the 
magnitude of spread. Because available laboratory 
data showed pansusceptibility, per CDC’s guide-
lines on antibiotic regimens for carriage eradication 
in a long-term care facility (13), we selected azithro-
mycin because of its shorter 5-day course and avail-
ability of pediatric liquid formulation for ease of ad-
ministration. We used contracted clinical partners, 
experienced in working with transient populations, 
to enable rapid and repeated assessment and test-
ing of shelter A residents during a nearly 2-month 
period. Use of streptococcal RADT, in conjunction 
with throat cultures, enabled immediate treatment 
of persons testing positive. Throat cultures were still 
critical diagnostic tools given that 12.4% of persons 
tested were found to be GAS culture positive while 
testing negative on RADT. Of note, persons testing 
GAS positive through culture alone were less likely 

Figure 2. Group A 
Streptococcus percentage 
positivity on point prevalence 
screening dates and number 
of persons tested per day in 
shelter A, Chicago Illinois, 
USA, November 20, 2023–
January 3, 2024.
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to receive antibiotics because the large and rapidly 
changing population in shelter A made it challeng-
ing to relocate persons after their initial contact with 
the medical team. This situation led to >20 symp-
tomatic persons who did not receive treatment and 
could potentially continue to spread disease to oth-
ers in the shelter.

Despite intensive clinical assessment, we were not 
able to prevent a pediatric death caused by iGAS. The 
decedent child had been tested for GAS infection be-
cause of symptom onset (including fever, sore throat, 
headache, nausea, and vomiting) 13 days before their 
sudden death occurred and had tested negative for 
GAS by RADT and culture. We administered no an-
tibiotics for this patient. Circulating viruses probably 
contributed to the child’s death, given that infection 
with COVID-19 and adenovirus also were identi-
fied postmortem. That tragic outcome highlights the 
need for reevaluation and retesting of persistently 
symptomatic persons after a negative GAS test result, 
which is supported by the identification of 2 pharyn-
gitis cases among the 25 persons tested >1 time. In 
addition, we could not assess the role of a language 
difference on health communication with this popu-
lation in the context of this response. During a subse-
quent measles outbreak in a Chicago new arrival shel-
ter, CDPH used a similar response infrastructure but 
also contracted community health workers to provide 
vaccine messaging. Those CDPH-contracted commu-
nity health workers operated as part of the response 
architecture to provide culturally proficient vaccine 
messaging and validate resident comprehension. 
Our efforts substantially decreased the likelihood of 
a large measles outbreak in Chicago, and we hypoth-
esize that similar messaging strategies may have led 
more shelter A residents with symptoms to seek care 
at our testing events during the iGAS response (16).

Although only a portion of isolates were able to 
be emm typed, we identified 3 emm types, suggesting 
multiple introductions of GAS to the shelter popula-
tion as shelter A quickly expanded capacity. Further, 
multiple highly related isolates suggest transmission 
within the shelter. Adoption of routine entry screen-
ing or periodic screening in shelters could improve 
future outbreak response, contingent on available 
resources. Of note, the number of buses transporting 
new arrivals to Chicago tripled in number during this 
timeframe, and 27 shelters were opened.

The close aggregation of transient populations 
promotes transmission of viral illness (17), and the 
subsequent breakdown of skin from rash or respira-
tory epithelium from upper respiratory infections in-
creases the risk for bacterial superinfections (18). We 

identified 1 co-infection with GAS and varicella rash 
in shelter A in January 2024, outside of the response 
period. Vaccine-preventable viral co-infections such 
as COVID-19 and varicella in a potentially vaccine-
naive population may be contributing factors to GAS 
disease severity, hospitalization, and death. Varicel-
la is not on the childhood vaccination schedule for 
many countries in South America and is not included 
on the childhood immunization list for Venezuela 
(19), which accounted for 88% of new arrivals arriv-
ing to Chicago during this period. Varicella infections 
frequently have been identified in new arrival shel-
ter populations (20), resulting in multiple shelters in 
Chicago experiencing outbreaks. Shelter A was one 
of the most affected, having a large varicella outbreak 
beginning in January 2023. As GAS disease declined, 
public health resources were shifted to address that 
response as immunization teams were mobilized to 
prevent additional illness.

This outbreak highlights challenges with shel-
tering a highly dynamic population in a large, con-
gregate space with a rapid increase in primary care 
needs. Although considerable pressure existed to 
house large numbers of new arrivals at the time, 
early containment of ill persons in an isolation space 
might have reduced transmission, overall disease 
prevalence, and hospitalization. Challenges included 
a daily dynamic shelter census, limited healthcare 
personnel resources, and limited ability to quantify 
symptomatic persons in an emergency shelter space 
not compatible with mass prophylaxis. Our response 
underscores the importance of access to healthcare 
and infection control resources in congregate shelter 
settings. CDPH’s partnership with vulnerable popu-
lation response teams with regular onsite symptom 
assessment, testing, and treatment in a culturally 
proficient manner, including the use of residents’ lan-
guage of choice, was instrumental in enabling a swift, 
well-coordinated, and prolonged response. WGS re-
sults provide evidence of multiple related transmis-
sion events in shelter A, underscoring transmission 
dynamics and the need for infection control measures 
in a congregate setting. Our findings augment previ-
ous experience that suggests the need for repeated 
assessment of continually symptomatic persons and 
communication recommending that those persons re-
turn for reevaluation may be critical in circumstances 
where whole facility screening is not feasible.
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Correctional service facilities are high-risk envi-
ronments for the spread of infectious diseases 

because of overcrowded conditions, poor hygiene, 
reduced access to sanitation and healthcare, and lack 
of personal protective equipment for both inmates 
and staff (1). Although progress has been made in ad-
dressing tuberculosis and HIV among inmates, recent 
infectious disease outbreaks in correctional facilities, 
such as COVID-19 and leptospirosis, have been re-
ported in South Africa (2,3).

Diphtheria, a category 1 notifiable medical con-
dition in South Africa, is caused by toxin-producing 
strains of Corynebacterium diphtheriae and is known 
to be highly contagious and potentially fatal if not 
treated appropriately (4). The case-fatality rate for un-
treated, unvaccinated cases of respiratory toxigenic 
diphtheria has been estimated at 29%; asphyxia and 
endocarditis are the most frequent causes of death (5). 
Humans are the main reservoir; bacteria directly colo-
nize the nasopharynx and spread via droplets from 

sneezing and coughing (4). Diphtheria can manifest 
as respiratory or cutaneous symptoms. Respiratory 
symptoms include low-grade fever, sore throat, and 
pseudomembranous pharyngitis with enlarged ante-
rior cervical lymph nodes (bull neck). Systemic com-
plications arising from toxin-induced tissue necrosis 
include myocarditis, neuropathy, nephropathy, and 
death (6). Fatalities among probable and confirmed 
symptomatic respiratory diphtheria cases in South 
Africa during January 2024–June 2025 were 12 (20%) 
of 60 cases (7). Although other countries with low 
vaccine coverage (Nigeria, Niger, Guinea, and Alge-
ria) are currently experiencing diphtheria outbreaks, 
it is unlikely that the cases in South Africa are import-
ed; the respiratory strains identified in South Africa 
to date appear to be unique to the country (8).

The Expanded Program for Immunisation sched-
ule in South Africa recommends diphtheria-contain-
ing vaccine administration at 6, 10, and 14 weeks of 
age as the primary series, with boosters at 18 months, 
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Since 2023, there have been 3 outbreaks of toxigenic re-
spiratory diphtheria at a correctional facility in Cape Town, 
South Africa. The first outbreak in October 2023 included 
1 fatal case and 8 asymptomatic carriers testing positive 
for Corynebacterium diphtheriae. In December 2024, the 
second outbreak resulted in 1 case and 12 asymptomatic 
carriers. A third outbreak in February 2025, occurring 6 
weeks after the second, resulted in 1 case and 14 as-
ymptomatic carriers among inmates and staff. Contact  

tracing, antimicrobial prophylaxis, and vaccination cam-
paigns were conducted with each outbreak. We outline 
public health responses to the 3 outbreaks and highlight 
key barriers and enablers for effective control in a highly 
mobile, densely populated correctional setting. Effective 
outbreak response in correctional facilities requires inter-
sectoral collaboration and the development of adult vac-
cination guidelines for staff and inmates to prevent future 
vaccine-preventable disease outbreaks.
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6 years, and 12 years (9). Children <2 years of age re-
ceive diphtheria vaccination as part of the hexavalent 
vaccine (diphtheria, tetanus, pertussis, poliomyelitis, 
Hemophilus influenzae b, and hepatitis B). The vaccine 
antigen for C. diphtheriae is toxoid, generating antitox-
in immunity. Vaccination coverage >90% is required 
to achieve adequate herd immunity (5). Booster dos-
es at 6 and 12 years of age were given as a tetanus/
diphtheria vaccine (Td); as of April 2024, the acellu-
lar pertussis vaccine (Tdap) vaccination for pregnant 
women became policy (9).

Literature on outbreak response in correctional 
facilities in low- and middle-income settings is lim-
ited. We describe the public health response to 3 
consecutive outbreaks of toxigenic C. diphtheriae in a 
Cape Town, South Africa, correctional facility, pre-
pared in accordance with the Canada Communicable 
Disease Report Outbreak reporting guide (10). The 
University of the Witwatersrand, Human Research 
Ethics Committee to the South Africa National Insti-
tute for Communicable Diseases, granted ethics ap-
proval (certificate no. M210752, formerly M160667) 
for essential communicable disease surveillance and 
outbreak investigation activities.

Methods
We used the NICD and Notifiable Medical Condition 
definitions as a reference guide for identifying cases 
and contacts (4). We defined a confirmed case as any 
person meeting the clinical criteria for >1 of the clini-
cal forms of diphtheria and laboratory confirmation 
of the organism and toxin production. We defined 
a probable case as illness in any person meeting the 
clinical criteria for classic respiratory diphtheria and 
with an epidemiologic link to a confirmed case but 
for whom no diphtheria testing was performed, or 
illness in any person meeting the clinical criteria 
for classic respiratory diphtheria and laboratory 
confirmation of the organism but for which toxin 
production has not been confirmed. We defined an 
asymptomatic carrier as a person with laboratory 

confirmation of the organism and toxin production 
but no symptoms. We defined a close contact as a 
person with exposure to the case or known carrier 
in the preceding 10 days in a household-type set-
ting or directly exposed to respiratory secretions or 
large-particle droplets without appropriate personal 
protective equipment (PPE) or exposure to an un-
covered wound of a cutaneous case without appro-
priate PPE. We defined close contact in a healthcare 
setting as a person who came into contact with the 
patient without wearing a fluid-repellent mask who 
was within 2 meters of the patient and exposed for 
>15 minutes. In a prison setting, sharing the same 
cell would be considered close contact.

Outbreak Context
The correctional facility where the outbreaks occurred 
is managed by the Department of Correctional Servic-
es (DCS) and had an average number of 6,500 inmates 
and 1,287 staff during the period of documented out-
breaks. The outbreaks occurred in the awaiting-trial 
section, which usually houses 1,200 inmates and 240 
staff at any given time. Those awaiting trial usually 
have numerous contacts from court procedures and 
meetings with lawyers and family. Approximately 
100 new and returning detainees are brought to the 
facility daily. The awaiting-trial section has 3 floors 
with 5–6 cells in use on each floor. One cell may house 
60–70 detainees at a time with shared bunk beds and 
a sink and toilet in each.

With each confirmed outbreak (Figure), Western 
Cape Department of Health and Wellness (WCDHW) 
conducted contact tracing with symptom screening 
and nasopharyngeal and oropharyngeal swab test-
ing. As a precaution, we placed detainee close con-
tacts in group isolation and sorted them into cohorts 
on the basis of their symptom status initially, then 
reorganized cohorts after results identified confirmed 
cases. We offered all contacts a course of azithromy-
cin, vaccinated them, and observed them for symp-
toms while awaiting their laboratory results.

Figure. Epidemiologic curve for 3 
outbreaks of toxigenic diphtheria 
at a correctional facility, Cape 
Town, South Africa, October 
2023–February 2025. The 
outbreaks comprised 37 cases. 
Outbreak 1 control measures: 
extended vaccination campaign 
to staff and inmates, deep 
cleaning of affected section, 
no visitors to affected section 
of facility, and postponed court dates. Outbreak 2 control measure: an extended vaccine campaign to detainees in affected section 
of facility. Outbreak 3 control measures: extended vaccination campaign amongst detainees and staff, deep cleaning of facility, and 
personal protective equipment issued to visitors.



	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 6, June 2026	 867

Diphtheria Outbreaks at Correctional Facility

Laboratory Methods
We cultured clinical specimens at the National Health 
Laboratory Service Medical Microbiology Laboratory 
at the local academic hospital before sending them to 
the national reference laboratory at NICD for confir-
mation and additional characterization. We immedi-
ately conducted PCR on swab specimens and positive 
cultures to detect the C. diphtheriae rpoB gene and the 
tox gene (11). We conducted additional species iden-
tification for cultures by matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry and 
confirmed toxin production by modified Elek test 
(12). We performed whole-genome sequencing on C. 
diphtheriae isolates to determine sequence type using 
the 7-locus multilocus sequence type (ST) scheme (8). 
We submitted assembled genomes to the Corynebac-
terium diphtheriae complex BIGSdb public database 
(https://bigsdb.pasteur.fr/diphtheria) for ST assign-
ment and core genome multilocus ST phylogeny.

Results

Outbreak 1: October–November 2023
The initial diphtheria outbreak began on October 22, 
2023. The index patient was a young male detainee 
awaiting trial who had been in the correctional facil-
ity for several months. He was admitted to the hos-
pital on October 28 for fever, swollen neck, shortness 
of breath, difficulty swallowing, sore throat, and a 
pseudomembrane. Assessment revealed that he had 
renal and cardiac complications as well. He received 
diphtheria antitoxin (DAT) at the central hospital. He 
died from complications on November 5, 2023.

The case was notified to the Western Cape  
Department of Health and Wellness (WCDHW)  

provincial Communicable Diseases Control office on 
October 28, 2023, activating the public health outbreak 
response. WCDHW collaborated with DCS, NICD, 
National Health Laboratory Service, emergency med-
ical services (EMS), the City of Cape Town Municipal-
ity City Health Directorate, infectious disease experts, 
and infection prevention and control staff. Weekly 
meetings ensured timely communication and kept all 
stakeholders up to date. Despite initial uncertainty 
regarding which entity would support each aspect of 
outbreak response, such as contact tracing and provi-
sion of vaccinations, continued engagement clarified 
areas of overlap.

We identified 76 close contacts of the index pa-
tient; they were DCS staff and healthcare staff who 
had been in close contact with him and inmates that 
had shared a holding area with him. We screened 
those contacts, provided them with postexposure vac-
cination and the necessary antimicrobial prophylaxis, 
and isolated those whose test results were pending. 
We had not documented how long contacts were held 
in a common area with the index patient at the time 
of the outbreak response, although that information 
would have been helpful to understand the extent of 
that exposure.

Of the 55 inmates classified as close contacts, the 
8 that tested positive were assigned a separate cohort 
from the 47 who tested negative. Eleven inmates re-
ported nonspecific respiratory symptoms (Table). 
All court dates for the inmates in the affected section 
were postponed. DCS staff members who were close 
contacts were swabbed and provided with prophy-
laxis and vaccine; they were placed on special paid 
leave and advised to isolate themselves at home until 
laboratory results were available within 7 days and to  

Table. Characteristics of 3 diphtheria outbreaks at a correctional facility, Cape Town, South Africa, October 2023–February 2025* 
Characteristic Outbreak 1, Nov 2023 Outbreak 2, Dec 2024 Outbreak 3, Feb 2025 
Diphtheria contacts    
 Inmate  55 (72.3) 53 (82.8) 60 (100) 
 Household  0 10 (15.6) 0 
 DCS staff  15 (19.7) 0 0 
 HCW  6 (7.9) 1 (1.6) 0 
 Total  76 (100) 64 (100) 60 (100) 
 Screening positivity of contacts, % 11 19 22 
 Contacts received postexposure prophylaxis vaccination 76 (100) 61 (95.3) 60 (100) 
 Contacts received postexposure prophylaxis antibiotics 76 (100) 61 (95.3) 60 (100) 
  Contacts with symptoms 22 (28.9) 0 0 
Diphtheria cases in inmates and staff    
 Symptomatic case-patients that did not receive DAT 0 0 1 (6.7) 
 Symptomatic case-patients that received DAT 1 (11.1)† 1 (7.7) 0 
 Asymptomatic carriers 8 (88.9) 12 (92.3) 14 (93.3) 
 Total  9 (100) 13 (100) 15 (100) 
Diphtheria vaccinations    
 Inmates  481 (79.6) 240 (94.1) 44 (55.0) 
 DCS staff  123 (20.4) 15 (5.9) 36 (45.0) 
 Total  604 (100) 255 (100) 80 (100) 
*Values are no. (%) except as indicated. DCS, Department of Correctional Services staff; HCW, healthcare workers. 
†Died.  
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wear a surgical mask when in contact with household 
members. A doctor from the outbreak response team 
was in telephone contact with DCS staff daily during 
their home isolation to assess symptoms and provide 
support.

Of the 14 correctional services staff contacts, 11 
reported mild, nonspecific respiratory symptoms 
without pseudomembrane or bull neck, and all tested 
negative by culture and PCR for C. diphtheriae. Ad-
ditional contacts exposed during the index patient’s 
transport between hospitals included 1 carer, 1 DCS 
warden, 2 patients (not from the correctional facility), 
2 EMS staff, and 4 healthcare workers at the hospital. 
All were swabbed, vaccinated, and given antimicro-
bial prophylaxis; all remained asymptomatic. EMS 
and healthcare workers used PPE during exposure. 
In accordance with guidelines, those contacts were 
not isolated but asked to seek healthcare if symptoms 
started.

By November 13, 2023, a total of 8 (11%) of the 
contacts tested positive for toxigenic C. diphtheriae; 
they were all inmates and were isolated together. Two 
of those were experiencing mild nonspecific respira-
tory symptoms without a pseudomembrane, and the 
rest were asymptomatic carriers. Sequenced isolates 
were ST906, a novel lineage not previously described 
outside of South Africa or the Western Cape.

WCDHW and DCS instituted a vaccination cam-
paign providing Td boosters during November 6–15, 
2023. In that week, a total of 604 persons were vacci-
nated: 123 (51%) of 240 DCS staff (both wardens and 
healthcare staff at the facility) and 481 (40%) 1,200 in-
mates (Table). During the vaccination campaign, DCS 
staff and inmates received health education about 
diphtheria, its symptoms, risks, and the purpose and 
possible side effects of vaccination. Some declined 
the vaccine because of fears of side effects or doubts 
about its effectiveness. Although transmission risk 
via fomites is low, DCS staff conducted environmen-
tal cleaning, including disinfection of holding cells, 
laundry, and cutlery affected during the outbreak.

Outbreak 2: December 2024–January 2025
A second outbreak at the same correctional facil-
ity started on December 9, 2024, when the index pa-
tient, a young man, experienced symptoms of a sore 
throat while still at the facility. He was released on 
December 11 after 9 months of incarceration. On the 
same day, he sought care at a community-based gen-
eral practitioner with a sore throat, a typical pseudo-
membrane, and anterior cervical lymphadenopathy 
suggestive of the characteristic bull neck. He was ad-
mitted to the local tertiary hospital for antimicrobial 

drugs and timely administration of DAT and made 
a full recovery. Toxigenic C. diphtheriae was subse-
quently confirmed by culture, Elek testing, and PCR; 
all sequenced isolates were ST906.

Although the index case was identified on Decem-
ber 11, there was a delay in verifying the correctional 
facility from which he had recently been released. By 
December 16, his correctional facility close contacts 
had been swabbed, started on prophylactic drugs, 
and isolated. By December 24 their laboratory results 
were available, identifying 12 additional asymptom-
atic carriers among the inmates (Table). We identified 
a total of 64 close contacts from the index patient’s 
DCS inmates and household contacts; all were as-
ymptomatic, received drugs and were swabbed and 
vaccinated (Table). WCDHW and DCS strengthened 
communication through regular situational reports 
and meetings, and media queries were directed to the 
relevant departmental spokesperson for a coordinat-
ed response. A broader health education and vaccina-
tion campaign was conducted. 

Outbreak 3: February 2025
The third diphtheria outbreak at the facility occurred 
on February 10, 2025, six weeks after the second out-
break, and was classified as new because of the 1.4-
day median incubation of C. diphtheriae (range 1–10 
days) (5). The index patient was a detainee awaiting 
trial, a young man who had been a close contact of the 
index patient in outbreak 2 and had declined vacci-
nation at that time. He experienced a sore throat and 
pseudomembrane on February 10, received DAT, 
and was confirmed culture positive for toxigenic C. 
diphtheriae on February 16. He recovered fully and re-
turned to the awaiting-trials section.

Prompt contact tracing efforts at the correctional 
facility during February 13–15 identified 60 asymp-
tomatic detainee close contacts who were immedi-
ately isolated together pending results. No household 
or DCS staff contacts were identified. Contacts were 
swabbed, provided with antimicrobial drugs, and 
vaccinated (Table). Initially, 7 (12%) contacts were 
culture positive; an additional 6 (10%) cases were 
positive by PCR only. Those 13 cases constituted 
22% of contacts; they were isolated together while 
completing the course of prophylactic treatment and 
remained asymptomatic throughout the period. Se-
quenced isolates were all of ST906.

High-resolution core genome phylogeny of 
ST906 genomes from all 3 outbreaks revealed 2 dis-
tinct clusters within the facility (data not shown). The 
first cluster included genomes from the first outbreak 
in November–December 2023, whereas the second  



	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 6, June 2026	 869

Diphtheria Outbreaks at Correctional Facility

cluster included genomes from the December 2024–
January 2025 and February 2025 outbreaks. The sec-
ond cluster also included ST906 genomes from spo-
radic cases and community clusters reported during 
the same period.

A 2-day campaign was conducted among correc-
tional services staff, providing health education on 
diphtheria infection prevention and control practices. 
Among the 70 on-duty DCS staff, 37 (53%) were test-
ed and vaccinated and 20 (29%) accepted antimicro-
bial prophylaxis only. In total 57/70 (81%) of on-duty 
staff received prophylaxis, vaccination, or a combina-
tion. That wider screening approach identified an ad-
ditional 2 positive asymptomatic carriers, 2/37 (5%) 
of DCS staff tested, who were advised to self-isolate 
while completing treatment. Although facemasks, 
hand sanitizer, and latex gloves are normally avail-
able to DCS staff, the provision of those to visitors to 
the facility was instituted during outbreak 3.

Discussion
We report recurrent outbreaks of toxigenic diphthe-
ria that occurred in a correctional facility, requiring 
intersectoral public health responses that address 
asymptomatic carriage and waning childhood vac-
cine–derived immunity. Our analysis describes the 
public health response to 3 outbreaks of toxigenic C. 
diphtheriae that resulted in a total of 37 cases (3 symp-
tomatic cases and 34 asymptomatic carriers) across 
both detainee and DCS staff populations and 1 death 
of an inmate from the awaiting-trials section of a cor-
rectional facility. Despite prompt outbreak response, 
the overcrowding and closed setting led to a substan-
tial number of close contacts in each instance.

Each outbreak was caused by the same sequence 
type, which was first detected in the Western Cape 
Province in 2023 both at this facility and among spo-
radic cases in the community. ST906 appears to be lo-
calized in the province as of February 2025 and has 
not been reported from any other geographic region 
in South Africa. Both the first and second outbreaks at 
the facility were caused by new transmission events 
from the community, whereas the third reported out-
break appears to have been caused by ongoing circu-
lation of the strain within the facility possibly intro-
duced during the second outbreak. We will clarify the 
sources more precisely in a separate report.

Multiple infectious diseases spread rapidly in 
prison settings; a systematic review of infectious dis-
ease outbreaks across 7 countries found outbreaks of 
tuberculosis, influenza, measles, mumps, varicella, 
adenovirus, and SARS-CoV-2 (1). Containment of 
outbreaks is limited by the large number of close 

contacts and high degree of movement of the await-
ing-trial detainees and staff (1). Traditional outbreak 
response tools, isolation and quarantine, are challeng-
ing to implement and contribute to delays in court 
processes (1). Approaches relevant to the carceral 
setting include opt-out testing, empirical vaccination, 
and requiring full immunization of staff as keys to 
preventing outbreaks (13).

During the second outbreak, infectious disease 
specialists shortened the deisolation protocol for 
laboratory-confirmed cases from 14 days to 7 days, if 
clinical response was good and repeat swabs on days 
3–6 were culture negative. That change was made on 
the basis of evidence of faster time-to-clearance by an-
timicrobial therapy (4–6 days) (5).

Vaccine coverage among 6-year-olds and 
12-year-olds in Western Cape is <50%, contributing 
to the outbreaks in the community and closed settings 
such as prisons (14,15). Optimizing coverage in those 
age groups could reduce risk for diphtheria among 
young adults.

Outbreak challenges included coordination, 
contact tracing, and vaccine hesitancy. Security con-
cerns required close collaboration between WCDHW 
district officials and DCS to protect detainees and 
staff. A key lesson was the importance of leveraging  
COVID-19 outbreak response institutional knowl-
edge and relationships, alongside intersectoral col-
laboration, to enable timely contact tracing, symptom 
screening, testing, prophylaxis, and vaccination. On-
going engagement was key in clarifying overlapping 
responsibilities between stakeholders.

Tracing released detainees, off-duty staff, and un-
identifiable court contacts was difficult. We identified 
no DCS staff as contacts during outbreak 2, possibly 
because of vaccination in outbreak 1, consistent use of 
PPE, and a desire to maintain minimum staffing lev-
els during the festive season for continuity of essen-
tial services. A limitation of our study was incomplete 
information on the number of DCS staff and court 
contacts exposed in each outbreak, which could have 
affected the estimates of vaccination coverage among 
staff at the facility.

The presence of asymptomatic carriers makes 
declaration of the end of a diphtheria outbreak chal-
lenging; some asymptomatic carriers can be colonized 
for up to 18.5 days, which could result in ongoing 
transmission (5). Epidemiologic surveillance can be 
conducted in prisons by screening inmates and staff 
for infectious disease as a way to proactively identify 
asymptomatic cases, although the cost of setting up 
such programs and providing vaccination needs to be 
weighed against possible low uptake (1). More local 



SYNOPSIS

870	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 6, June 2026	

research is needed to understand the drivers of low 
vaccine uptake specifically in correctional facility de-
tainees and staff in a bid to improve vaccine accep-
tance in future vaccination campaigns.

Globally, diphtheria outbreaks have been docu-
mented in community settings as well as refugee cen-
ters; mass vaccination efforts have been required to 
contain such outbreaks (16). A suggested alternative 
approach is mass antimicrobial prophylaxis; mod-
eling studies estimate this approach to be sufficient 
to contain outbreaks (5). Although it is a relatively 
simple intervention and may be considered if a future 
outbreak occurs, the cost, feasibility, and benefit of 
that approach in the correctional facility with a high-
ly mobile awaiting-trial population would need to be 
considered, along with the risk of antimicrobial resis-
tance. We did not consider that approach appropriate 
for the subset of prisoners awaiting trial.

By formulating locally relevant clinical guidelines 
for healthcare workers on antitoxin eligibility, refer-
ral pathways, and isolation and deisolation protocols, 
infectious disease specialists supported the broader 
outbreak response. Kendig et al. emphasized the vital 
role of strengthening infection prevention and control 
practice in prison settings by training staff and inmates 
on handwashing, ensuring adequate sanitation facili-
ties, and having appropriate outbreak response poli-
cies (17). The global supply shortage of DAT needed 
to manage diphtheria cases has also been highlighted 
during outbreaks, and international health bodies are 
encouraged to advocate for manufacturers to increase 
timely access to those medications.

As South Africa rolls out Tdap vaccines, which 
are more expensive than Td vaccines, the cost of 
mass vaccination efforts increases (18). An estimated 
27% of diphtheria outbreaks could be contained by 
achieving full vaccination coverage alone, whereas 
simultaneously treating symptomatic cases prompt-
ly with antimicrobial drugs would contain 70%  
of outbreaks (5).

Immunization against diphtheria is 97% effec-
tive, but immunity wanes after ≈10 years; 30%–60% of 
adults become susceptible to infection again because 
the toxoid nature of the vaccine enables bacteria to 
colonize vaccinated persons without symptoms (5). 
Diphtheria-containing booster vaccination for adults 
is available in many countries at 10-year intervals, al-
though there is no policy guide for that in South Af-
rica (19). Although health education talks supported 
improved vaccine uptake in the diphtheria outbreaks, 
we note an increase since the COVID-19 pandemic in 
literature that documents the challenges of vaccina-
tion access and a rise in vaccine hesitancy among the 

public (20). That trend has specific implications for 
those who live and work in prison settings, where re-
building trust and credibility in vaccines is necessary 
to address rising vaccine hesitancy (21,22).

Outbreaks could be caused by a combination 
of factors, including asymptomatic carriage, wan-
ing childhood-vaccine–derived immunity and in-
sufficient herd immunity within communities. We 
have described the challenges to effective outbreak 
response occurring in correctional facilities. We rec-
ommend several actions for tackling diphtheria and 
other infectious diseases: strengthen the implemen-
tation of current childhood vaccination programs to 
improve immunity to vaccine-preventable diseases, 
adopt communication strategies to combat vaccine 
misinformation and create awareness about diph-
theria and other vaccine-preventable conditions, and 
develop adult vaccination guidelines that address 
high-risk congregate settings. Such public health in-
terventions are required to mitigate the risk for future 
vaccine-preventable disease outbreaks, particularly 
in closed environments like correctional facilities. 
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Murine typhus, also known as endemic or flea-
borne typhus, is caused by Rickettsia typhi, an 

obligately intracellular gram-negative organism 
transmitted to humans by fleas that infest rats and 
opossums (1). Murine typhus has a global distribu-
tion, and in the United States, it is endemic to South 
Texas, Hawaii, and southern California (2–4). Fur-
thermore, despite its near eradication in the United 
States during the 1940s, murine typhus has resurged 
in southeastern Texas and California (5–7). Murine 
typhus manifests as an undifferentiated febrile ill-
ness often accompanied by headache, myalgias, 
nausea, and malaise. It is frequently described as a 
mild illness. However, severe manifestations with or-
gan dysfunction have been reported. Those include 

acute kidney injury, meningoencephalitis, myocardi-
tis, respiratory failure, and septic shock (8–13). As a 
consequence, persons with organ dysfunction might 
require treatment in the intensive care unit (ICU), es-
pecially when appropriate antimicrobial therapy is 
delayed or not administered (7,14). A systematic re-
view of murine typhus infections occurring around 
the world among children and adults in diverse 
healthcare systems described organ failure and hos-
pitalization that ranged from 2% to 86% and ICU ad-
mission in 5.9% (15). However, characteristics of hos-
pitalized and critically ill patients and their outcomes 
after antimicrobial treatment were not well defined. 
We examined the clinical characteristics, treatment, 
and outcomes of hospitalized adults with murine ty-
phus with organ failure leading to ICU admission in 
Galveston, Texas, USA.

Methods

Data and Cohort
We conducted a retrospective review of microbiology 
laboratory records at the University of Texas Medi-
cal Branch (UTMB; Galveston, TX, USA) to identify 
adults with typhus group rickettsiae indirect immu-
nofluorescence assay (IFA) IgM or IgG titers of >1:128 
treated during April 14, 2019–October 15, 2023. We se-
lected those dates to include the start of available IFA 
data and electronic health records across our health-
care system. Although PCR amplification of Rickettsia 
spp. is a very specific testing method, clinical sensitiv-
ity of PCR from blood specimens is suboptimal and 
influenced by the assay, disease severity, and timing 
of sample collection relative to stage of illness (16). 
Amplification of cell-free DNA by next-generation 
sequencing also shows promise in the amplification 
of R. typhi DNA from plasma (17,18), but its cost and 
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Murine typhus is a reemerging infectious disease with 
the potential for severe manifestations. We conducted 
a retrospective study to examine severe illness in those 
hospitalized with murine typhus in Galveston, Texas. We 
identified 149 cases, of which 119 (79.8%) were hospi-
talized and 33 (28%) required admission to the intensive 
care unit (ICU). ICU patients were older than non-ICU 
patients (54.9 vs. 47.2 years; p<0.02). Thrombocytope-
nia was more severe in the ICU group (101 × 103 µ/L) 
compared to the non-ICU group (137 × 103 µ/L) (p<0.01). 
The median time from healthcare contact in the emer-
gency department to initiation of appropriate antibiotics 
was similar for the ICU group (1 day) and non-ICU group 
(2 days) (p = 0.26). Two deaths (1.7%) in the ICU group 
were attributed to multiorgan failure and hemophagocytic 
lymphohistiocytosis. In murine typhus–endemic regions, 
early recognition and prompt treatment is imperative to 
mitigate adverse outcomes.
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current turnaround time are limitations. We included 
symptomatic patients >18 years of age with an emer-
gency department (ED) encounter and IFA results re-
active for typhus group rickettsiae. We excluded pa-
tients <18 years of age, persons hospitalized 30 days 
before or after laboratory testing for rickettsioses, 
and incarcerated persons. We collected data from the 
electronic health record to determine demographics, 
symptoms, laboratory and radiographic results, time 
to diagnostic testing, antimicrobial treatment, clinical 
disposition, and outcomes. The Institutional Review 
Board at UTMB approved this study (IRB approval 
no. 23-0313).

Case Definitions
We used the definitions used by the Flea-borne Ty-
phus Case Definition/Case Classification of the 
Texas Department of State Health Services (19). In 
addition, we used the case classification described 
by the Centers for Disease Control and Prevention to 
categorize patients with probable or confirmed mu-
rine typhus (20). We defined clinical evidence as an 
acute febrile illness lasting <30 days with >2 of the 
following symptoms: headache, myalgia, rash, nau-
sea/vomiting, thrombocytopenia, or elevated aspar-
tate transaminase and alanine transaminase. Persons 
with probable murine typhus had clinical disease and 
supportive laboratory findings that consisted of IFA 
for R. typhi antigen taken within 60 days of illness 
with levels of IgG >1:128 or IgM >1:256. Persons with 
confirmed murine typhus had a clinically compatible 
illness and laboratory-confirmed results, which con-
sisted of a 4-fold increase in R. typhi IgG titers by IFA 
between serum samples collected during the acute 
and convalescent phases of illness.

Data Collection
We collected information on patient demographics, 
comorbidities, laboratory results, and radiographic 
imaging findings. An investigator (M.P.) performed 
all chart reviews, and a second investigator (P.S.) 
reviewed 60% of the charts to confirm accuracy and 
reliability of the abstracted data. We calculated the 
Charlson Comorbidity Index for each patient on the 
basis of clinical diagnoses (International Classifica-
tion for Diseases, 10th Revision) before or on the day 
of IFA laboratory testing. We collected information 
regarding the time to laboratory diagnosis, the time 
from ED admission to antibiotic administration dur-
ing hospitalization or within 30 days of ED encounter 
and admitting diagnosis leading to hospitalization. 
For critically ill patients, we collected data regard-
ing source of admission to the ICU, vasopressor  

administration, invasive or noninvasive ventila-
tion use, and continuous renal replacement therapy. 
In addition, we collected data on doxycycline and 
azithromycin administration during the inpatient 
stay or within 30 days of discharge. Both of those 
agents were selected for their in vitro activity to R. 
typhi (21). Although azithromycin is believed to be 
inferior to doxycycline for the treatment of murine 
typhus (22), it is sometimes used as an alternative 
agent (23) and is frequently used as part of empiric 
treatment for community-acquired pneumonia, a di-
agnosis of many persons entering the ICU.

Data Analysis
We present patient demographic and clinical char-
acteristics as means +SD or frequencies and percent-
ages. We compared patient characteristics, labora-
tory results, and time from initial contact at UTMB 
to appropriate antimicrobial administration between 
persons admitted to the inpatient ward (noncritical 
care) and the ICU (critical care) using a t-test or non-
parametric test for continuous variables as appropri-
ate and the χ2 test for categorical variables. We con-
ducted all analyses using SAS 9.4 (SAS Institute Inc., 
https://www.sas.com).

Results
During April 14, 2019–October 15, 2023, we identified 
149 adults in aggregate with signs/symptoms of fe-
ver, malaise, weakness, nausea, vomiting, abdominal 
pain, diarrhea, or some combination of those associat-
ed with typhus group rickettsial serology that met the 
definition for either probable or confirmed infection. 
Of those 149 adults, 119 (79.8%) were hospitalized; 
the mean age was 49.3 +16.6 years. Men represent-
ed 50.4% and women represented 49.6% of patients 
(Table 1). The most frequent comorbidities for hospi-
talized patients were obesity, diabetes, and chronic 
kidney disease. In the hospitalized patient group, 95 
(79.8%) were classified as probable murine typhus on 
the basis of symptoms and IgG titers of >1:128 or IgM 
titers of >1:256. Twenty-four (20.1%) were classified 
as confirmed on the basis of symptoms and a 4-fold 
increase in IgG-specific titer (Table 2). Among the 
hospitalized group, 33 (27.7%) patients were admit-
ted to the ICU because of hemodynamic instability, 
respiratory failure, delirium, or acute kidney injury. 
Among those critically ill patients, 27 were deter-
mined to have probable murine typhus and 6 were 
confirmed to have murine typhus. 

The group admitted to the ICU was older and 
had a higher percentage of male patients than the 
non-ICU group. However, comorbidities did not  
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differ significantly between the groups (Table 1). 
Frequent laboratory findings for hospitalized pa-
tients were elevated aspartate transaminase, alanine 
transaminase, and alkaline phosphatase (Table 3), 
but no significant difference in those initial values 
was noted between groups. At the time of hospital 
admission, impaired renal function was present in 
27% (9/33) of the critically ill group, but no differ-
ence was observed in the median creatinine values 
of 0.99 mg/dL for the critically ill group and 0.87 
mg/dL for the non-ICU group (p = 0.06) (Table 3). 
Leukocytosis with a leukocyte count of 12.0 + 6.0 
103 cells/µL was noted more often in the ICU group 
than in the non-ICU group (Table 3). In addition, a 
greater degree of thrombocytopenia (median platelet 

count of 97 + 59 103/µL), hypoalbuminemia (median 
value of 3.2 + 0.6 g/dL), and elevated procalcitonin 
(median value of 3.8 + 4.3 ng/mL) was noted in the 
ICU group. As for initial chest radiographs, the ICU 
group was noted to have nonspecific parenchymal 
infiltrates and pleural effusions, but no significant 
differences between groups were noted.

The mean +SD time to receiving serologic results 
was similar for the critically ill and non-ICU groups: 
4.4 +4.4 days for the critically ill group and 3.6 +5.8 
days for the non-ICU group (p = 0.06). Diagnostic 
testing and drug administration were performed 
on the same date. All patients but 1 were treated  
exclusively with doxycycline, and the timing of an-
timicrobial therapy was similar between groups (1.6 
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Table 1. Characteristics of hospitalized patients in study of outcomes of hospitalized and critically ill adults with murine typhus, 
Galveston, Texas, USA, 2019–2023* 

Characteristic 
All hospitalized 

patients, n = 119 Non-ICU, n = 86 ICU, n = 33 p value 
Mean age, y (SD) 49.3 (16.6) 47.2 (16.4) 54.9 (15.9) 0.022 
Sex  

   
0.074 

 M 60 (50.4) 39 (45.35) 21 (63.6) 
 

 F 59 (49.6) 47 (54.65) 12 (36.4) 
 

Race  
    

 White 115 (96.6) 82 (95.35) 33 (100) 0.208 
 Non-white 4 (3.4) 4 (4.65) 0 (0) 

 

Ethnicity 
   

0.258 
 Hispanic 43 (36.1) 32 (37.2) 11 (33.3) 

 

 Not Hispanic 75 (63.1) 54 (62.8) 21 (63.6) 
 

 Unknown 1 (0.8) 0 (0) 1 (3) 
 

Mean Charlson Comorbidity 
Index (SD) 

1.05 (1.4) 0.98 (1.4) 1.24 (1.4) 0.247 

Comorbidities     
 Alcohol abuse 6 (5.0) 4 (4.7) 4 (12.1) 0.145 
 Renal disease 10 (8.4) 7 (8.1) 3 (9.1) 0.867 
 Diabetes 19 (16.0) 14 (16.3) 5 (15.1) 0.881 
 Cerebrovascular disease 7 (5.9) 4 (4.6) 3 (9.1) 0.357 
 Obesity 33 (27.7) 23 (26.7) 10 (30.3) 0.698 
Most common diagnoses at time of admission (%) 

   
  

Typhus (17.5); fever (39.5) Fever (15.2); sepsis (33.3) 
 

  
Sepsis (8); typhus (17.5) Acute kidney failure (3); 

 fever (15.2) 

 

  
Pneumonia (4.7); sepsis (8) Acute respiratory failure  

with hypoxia (3); 
acute kidney failure (3) 

 

  
Altered mental status (2.3); 

pneumonia (4.7) 
Dehydration (3); acute respiratory 

failure with hypoxia (3) 

 

  
Altered mental status (2.3) Dehydration (3) 

 

*Values are no. (%) except as indicated. ICU, intensive care unit. 

 

 
Table 2. Initial murine typhus immunofluorescence titers and confirmed versus probable cases in study of outcomes of hospitalized 
and critically ill adults with murine typhus, Galveston, Texas, USA, 2019–2023* 
Category Initial titers Confirmed (%) Probable (%) 
IgM 1:256 4 24 
 1:512 1 9 
 1:1,024 11 57 
IgG 1:128 2 11 
 1:256 1 21 
 1:512 2 8 
 1:1,024 14 24 
ICU  6 (18.2) 27 (81.8) 
Non-ICU  18 (20.9) 68 (79.1) 
Total  24 (20.1) 95 (79.8) 
*ICU, intensive care unit. 
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+1.3 days for critically ill patients and 2.2 +2.1 days 
for non-ICU patients) (p = 0.26) (Table 4). Most pa-
tients were directly admitted from the ED to the ICU, 
and their deteriorating clinical course resulted in the 
initiation of mechanical ventilation in 5 patients and 
renal replacement therapy in 2 patients (Table 3). In 
the critically ill group, hemodynamic instability re-
sulted in intravenous fluid resuscitation followed by 
vasopressor initiation in 9 patients. Hospital length-
of-stay was significantly greater for the critically ill 
group than for the non-ICU group: 9.3 +8.4 days for 
the critically ill group and 4.8 +2.2 days for the non-
ICU group (p<0.001) (Table 4).

Two deaths occurred in the critically ill group, 1 
caused by septic shock and 1 by multiorgan failure as-
sociated with hemophagocytic lymphohistiocytosis.  
Among the 2 deaths, 1 patient was a 66-year-old man 
who was admitted with shock, renal failure, and dis-
seminated intravascular coagulation. He died within 

24 hours after a cardiac arrest and exhibited labora-
tory features of myocarditis. The second patient, a 
69-year-old man with daily alcohol consumption, 
was admitted with pancytopenia, ferritinemia, and 
elevated serum transaminase that raised concern for 
hemophagocytic lymphohistiocytosis, which was 
confirmed by bone marrow biopsy. Despite admin-
istration of doxycycline on hospital day 4 and corti-
costeroid therapy for hemophagocytic lymphohistio-
cytosis on hospital day 6, he died of septic shock and 
respiratory failure on day 9 of hospital admission.

Discussion
Although murine typhus is often considered a mild 
illness (24,25), we identified 119 adults hospitalized 
for symptoms associated with murine typhus, and 
28% exhibited organ failure manifesting as hemo-
dynamic instability, acute respiratory failure, or 
acute kidney injury that resulted in ICU admission.  
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Table 3. Laboratory values and radiographic findings of hospitalized adults with murine typhus, Galveston, Texas, USA, 2019–2023* 
Test  No. patients tested Non-ICU patients, n = 86 ICU patients, n = 33 Reference range p value 
Alanine aminotransferase, U/L 112 111 (68–166) 95 (70–140) 5–35  0.34 
Aspartate aminotransferase, U/L 118 143 (96–216) 153 (96–224) 13–40  0.71 
Alkaline phosphatase, U/L 118 140 (84–216) 137 (90–207) 34–122  0.68 
Creatinine, mg/dL 119 0.87 (0.69–1.04)  0.99 (0.81–2.21) 0.5–1.4  0.06 
Leukocytes,  103 cells/L 119 7.8 (5.9–10.6) 10.8 (7.1–15.5) 4.3–11.1  0.005 
Hemoglobin, g/dL 119 12.9 (11.7–14.3)  12.2 (11.3–13.6) 12.2–16.4  0.26 
Platelets,  103/L 119 117 (79–162) 97 (45–151) 135–351  0.01 
Neutrophils,  103 cells/L 117 6.0 (4.3–8.0) 8.3 (6.1–11.9) 1.99–6.95  0.002 
Lymphocytes,  103 cells/L 117 1.2 (0.84–1.96) 0.85 (0.56–1.51) 1.09–3.23 L 0.04 
Monocytes,  103 cells/L 117 0.36 (0.26–0.56) 0.38 (0.29–0.72) 0.36–1.02  0.40 
Serum albumin, g/dL 118 3.5 (3.2–3.8)  3.2 (2.9–3. 5) 3.5–5 L 0.024 
Serum sodium, mmol/L 119 131 (129–134)  128 (137–130) 135–145  0.022 
Procalcitonin, ng/mL 44 1.1 (0.4–2.5)  3.8 (0.9–7.4) <0.07 0.045 
Chest radiograph findings, no. (%)     0.10 
 Clear lung fields  52 (64.2) 14 (43.8)   
 Opacities/infiltrates  27 (33.3) 15 (46.8)   
 Effusion  2 (2.5) 3 (9.4)   
*Values are median (interquartile range) except as indicated. ICU, intensive care unit. 

 
 

 
Table 4. Comparison of treatment and outcomes of patients in study of outcomes of hospitalized and critically ill adults with murine 
typhus, Galveston, Texas, USA, 2019–2023* 
Treatment or outcome Non-ICU, n = 86 ICU, n = 33 p value 
Mean time to diagnosis, d (SD) 3.6 (5.8) 4.1 (4.4) 0.063 
Median time to diagnosis, d (IQR)  2 (1–3) 3 (1–4) 0.061 
Mean time to antibiotic, d (SD) 1.6 (1.3) 2.2 (2.1) 0.264 
Median time to antibiotic, d (IQR) 1 (1–2) 2 (1–3) 0.262 
Doxycycline 

  
0.145 

 Yes, no. (%) 82 (95.35) 29 (87.9) 
 

 Median doxycycline inpatient duration, d (IQR) 4 (2–5) 5 (4–7) <0.001 
Azithromycin 

  
0.127 

 Yes, no. (%) 11 (12.8) 8 (24.2) 
 

 Median azithromycin inpatient duration, d (IQR) 3 (2–4) 2 (2–3) 0.489 
Vasopressors, no. (%) 

  
<0.001 

 Yes 5 (5.8) 12 (36.4) 
 

CRRT, no. (%) 
  

0.021 
 Yes 0  2 (6) 

 

Ventilation, no. (%) 
  

<0.001 
 Yes 0  5 (15.2) 

 

Mean hospital LOS, d (SD) 4.8 (2.2) 9.3 (8.4) <0.001 
Median hospital LOS, d (IQR) 4 (3–6) 7 (5–9) <0.001 
*CRRT, continuous renal replacement therapy; IQR, interquartile ratio; LOS, length of stay. 
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Furthermore, patients with organ dysfunction ad-
mitted to the ICU were older than those not admit-
ted to the ICU and did not have recognized immu-
nocompromised conditions. Of note, all but 1 of the 
hospitalized patients were prescribed tetracycline 
therapy during their hospital stay, and only 1 pa-
tient received macrolide therapy. Those findings 
highlight the illness and complications associated 
with this infectious disease, as well as the challenges 
associated with real-time diagnosis.

Murine typhus characteristically manifests as 
acute febrile illness with nonspecific symptoms that 
can mimic those of other infectious diseases, leading 
to misdiagnosis and a delay in the administration of 
effective antimicrobial therapy. As a consequence, 
delays in diagnosis or treatment in elderly or immu-
nocompromised persons can lead to complications 
manifesting as organ dysfunction. A systematic re-
view of worldwide published case series reported 
complications in 26.1% of patients, although the 
authors acknowledged a reporting bias that might 
overestimate certain findings (15). Those authors 
described complications that primarily involved the 
pulmonary system as pneumonia or radiographic 
pulmonary infiltrates, which was noted in 128 pa-
tients and developed into acute respiratory failure in 
5 persons. Other complications in order of occurrence 
were central nervous system involvement, acute kid-
ney injury, and, less commonly, shock. The authors 
proposed that geographic variation with respect to 
healthcare delivery accounted for differences in the 
severity of illness but were unable to identify risk fac-
tors associated with organ failure. Case series of mu-
rine typhus in Texas, a recognized endemic region, 
have reported complications leading to hospitaliza-
tion and critical care services related to acute neuro-
psychiatric, renal, and pulmonary involvement (26–
29). A 2008 study reported hospitalization for 23 of 33 
persons with murine typhus and ICU admission for 9 
persons (27%) (26), whereas another study reviewing 
medical records from 2013 to 2016 described compli-
cations in 18 of 54 adults (33%), 13 of whom required 
ICU admission (27). Similarly, we identified that 28% 
of hospitalized persons required ICU admission; 9 
(27%) required vasopressors for shock, 5 (15%) had 
acute respiratory failure requiring mechanical venti-
lation, and 2 (6%) were started on renal replacement 
therapy for acute kidney injury. Therefore, severe 
complications related to murine typhus leading to 
hospitalization could occur in >1 of 4 patients, mani-
festing as single and multiorgan failure.

Individual risk factors associated with murine 
typhus and organ dysfunction have been described 

as increasing age, alcohol abuse, and glucose 6-phos-
phate dehydrogenase deficiency (8,28,29). Although 
laboratory findings associated with murine typhus 
include elevations in hepatic transaminases, leuko-
cytosis, hypoalbuminemia, thrombocytopenia, and 
hyponatremia, published data concerning laboratory 
findings associated with organ failure from severe 
murine typhus are limited (8,15). In this study, we 
found greater reductions in platelet count in the criti-
cally ill group than in the noncritical group at the time 
of initial healthcare contact. In addition, impaired 
renal function was more commonly observed in the 
critically ill group, and the mechanism for this failure 
has been attributed to prerenal and immune-mediat-
ed causes (30). Delays in appropriate antimicrobial 
therapy have been proposed as another risk factor 
for complications associated with murine typhus 
infection (8,14,31). Antimicrobial therapy resolves 
symptoms by halting bacterial replication (32), thus 
mitigating further endothelial damage and allow-
ing time for host-defense mechanisms to mount an 
effective response (33). However, recovery without 
antimicrobial therapy has been reported, although 
the factors associated with that phenomenon are un-
clear and might relate to the quantity of inoculum, 
individual comorbidities, and host immune response 
(15,27). In this study, we identified a similar time 
from admission to initiation of antibiotics for both 
groups that suggest host-related immune response 
might account for the progression from mild illness 
to organ dysfunction to multiorgan failure. However, 
we are unable to accurately account for the length of 
time from initial symptom onset to admission, and 
some persons might have delayed seeking medical 
attention, thereby prolonging the duration of infec-
tion and encouraging the subsequent development of 
organ failure.

Diagnostic laboratory testing relies on serologic 
testing because of the similarity of murine typhus 
symptoms with other acute febrile illnesses, which 
can pose dilemmas for clinicians. In addition, al-
though a history of flea exposure is relevant, that 
information is infrequently obtained and reported 
in <25% of patients (15). Serologic testing is usually 
conducted using IFA to detect IgG and IgM reactive 
to typhus group rickettsiae (commercial assays use 
whole-cell R. typhi antigen), but diagnostic limita-
tions are associated with this approach. Furthermore, 
real-time reverse transcription PCR amplification of 
ribosomal RNA targets for R. typhi shows promise as 
a more sensitive test, but it is not yet available com-
mercially (17). In addition, reactive antibodies are sel-
dom present at detectable levels during the first few 
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days to week of illness; therefore, acute- and conva-
lescent-phase testing are required to soundly estab-
lish a diagnosis through seroconversion or a 4-fold in-
crease in antibody titer. Another limitation concerns 
reliance on reference laboratories to perform IFA test-
ing that can delay the test results. As a consequence, 
a confident laboratory diagnosis of murine typhus is 
retrospective in nature (34).

The absence of real-time testing for murine ty-
phus can affect healthcare costs. A 2023 study exam-
ined healthcare resource utilization for persons with 
murine typhus and compared them to age-matched 
controls with influenza, which is often diagnosed 
with rapid point-of-care testing (35). Patients with 
influenza underwent a less expensive assessment 
(mean $817/patient) than did patients infected with 
murine typhus (mean $16,760/patient). In addition, 
the article reported substantially more healthcare en-
counters for patients with murine typhus than for pa-
tients with influenza. Thus, inability to identify and 
distinguish murine typhus from other febrile infec-
tions resulted in higher costs.

Although we did not examine healthcare costs, 
we found the mean time to diagnosis in hospitalized 
(noncritical) patients to be 3.6 days compared with 
4.4 days in critically ill patients. Furthermore, time to 
initial healthcare contact and the initiation of appro-
priate antibiotics did not vary significantly between 
groups. An explanation for these findings is likely re-
lated to the early use of tetracycline-based therapy for 
acute febrile illnesses by clinicians, as well as infec-
tious disease consultants who advocate for early di-
agnostic testing and prompt initiation of tetracycline 
therapy for symptomatic hospitalized patients with 
suspected murine typhus (36).

Murine typhus is associated with a low mortal-
ity rate; earlier reports have described a case-fatality 
rate of 0.4% and a case-fatality rate of up to 4% for 
hospitalized patients (8,28,37). In addition, a system-
atic review assessing mortality among 239 untreated 
patients with murine typhus also reported a low case-
fatality rate of 0.4% (14). In this study, we found an 
associated mortality rate of 1.7% for hospitalized pa-
tients. Upon further investigation into the causes of 
death, hemophagocytic lymphohistiocytosis was di-
agnosed in 1 patient with confirmed murine typhus; 
despite 5 days of intravenous doxycycline and initia-
tion of corticosteroid therapy, the patient died. Hemo-
phagocytic lymphohistiocytosis has been described 
as a rare complication associated with murine typhus 
and is characterized by an exaggerated immune re-
sponse with increased proliferation and activation of 
histiocytes (38,39). The development of critical illness 

and severe multiorgan dysfunction should prompt 
investigation into rickettsial infection–associated he-
mophagocytic lymphohistiocytosis (40–42).

The strengths of this study include the number of 
persons residing in an endemic area for whom clini-
cal data were available, which enabled examination 
of numerous factors associated with murine typhus. 
The first limitation of this study is its retrospective na-
ture, which might introduce bias. Second, our study 
only examined symptomatic patients seeking medi-
cal attention and might underreport the extent of dis-
ease in the community. Another limitation concerns 
the discrepancy between the number of confirmed 
infections and the number of probable infections. 
This discrepancy is attributable to the limitations of 
serologic testing; convalescent testing is seldom per-
formed after discharge. Studies have shown a de-
monstrable seroprevalence of typhus group antibod-
ies in the communities of Galveston County. Typhus 
group antibodies were found to be present in 1.2% of 
Galveston County residents in 2013 and 7.8% of resi-
dents in 2021 (43,44). Although that might raise doubt 
regarding the reliability of probable cases, a separate 
study describing the reemergence of typhus group 
rickettsiosis in the Galveston area indicated simi-
larity in the signs and symptoms of confirmed and 
probable cases (5). Another limitation was the lack 
of clinical information regarding symptom duration 
before ED admission, which might have contributed 
to illness progression for older persons. In addition, 
our study did not examine for the presence of infec-
tion from spotted fever group rickettsiae. Antibodies 
stimulated by typhus group rickettsiae can also cross-
react with spotted fever group antigen, albeit usually 
at titers that are at least 4-fold less than those against 
homologous antigen (45). Unless there is a history of 
tick bite or travel to an area with a greater abundance 
of ticks, spotted fever group antibodies are usually 
not routinely checked in conjunction with typhus 
group rickettsial serology at UTMB. Serum samples 
from Galveston residents reactive to R. typhi do not 
react with the immunodominant spotted fever group-
specific outer membrane protein A (OmpA) by West-
ern blot analysis (43). Although undiagnosed spotted 
fever group disease in our cohort is a possibility and 
a limitation of this study, typhus group rickettsiosis 
is likely the predominant cause of rickettsial illness 
in Galveston. The duration of onset of illness to ini-
tiation of antibiotics for our study was 1–2 days after 
contact at UTMB, which could be considered a limi-
tation given that the median duration from onset of 
illness to initiation of doxycycline was documented 
to be 9 days in a previous Galveston study of cases 
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during 2012–2016) (46) and 10 days in a study that 
examined murine typhus throughout Texas (cases 
during 1980–1987) (8). An analysis of patients admit-
ted to a hospital close to the southern Texas–Mexico 
border revealed that the median time to initiate doxy-
cycline from initial point of healthcare contact was 5 
days (27). Although our study did not calculate the 
time from symptom onset to initiation of doxycycline, 
over time, at our institution, recognition of murine ty-
phus seems to have led to relatively swift empiric ad-
ministration of doxycycline. Finally, this study lacks 
data regarding antimicrobial therapy before patients 
sought care at the ED.

In conclusion, in symptomatic hospitalized adults 
with murine typhus in the Galveston, Texas, area, se-
vere organ dysfunction manifested as shock, acute 
kidney injury, and acute respiratory failure in 28% of 
patients. Among hospitalized patients with elevated 
hepatic transaminases and thrombocytopenia, empiric 
tetracycline therapy was initiated within 1–2 days of 
ED admission. Risk factors associated with organ dys-
function in adults were increased age and thrombocy-
topenia at time of initial healthcare contact. Clinicians 
in endemic areas must recognize murine typhus as a 
potentially severe illness and institute prompt, empiri-
cal therapy with doxycycline when a case is suspected.
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Tuberculosis (TB) is the leading infectious cause 
of death worldwide (1). The World Health Or-

ganization estimated that >10 million persons had 
TB develop during 2023 (1). TB incidence in the 
United States is low at <3 cases/100,000 population 
(≈9,000 annual cases) reported in recent years (2). 
Most US TB cases reflect reactivation of past My-
cobacterium tuberculosis infection rather than recent 
transmission within US borders and most cases 
are diagnosed among non–US-born persons (2,3). 

However, outbreaks resulting from M. tuberculosis 
transmission within the United States continue to 
occur, disproportionately affect US-born persons, 
and can cause substantial illness (4–10). Therefore, 
targeted interventions to prevent M. tuberculosis 
transmission and TB outbreaks are crucial.

Public health interventions to prevent reactiva-
tion of latent TB differ from interventions designed 
to prevent M. tuberculosis transmission (11). Where-
as preventing reactivation requires diagnosing and 
treating asymptomatic latent TB among persons 
with epidemiologic risk factors (e.g., birth outside 
the United States) (3,12), preventing M. tuberculosis 
transmission requires intensive case management to 
promptly initiate treatment to cure TB and identify, 
fully evaluate, and treat close contacts of TB case-
patients (13). Clinically distinguishing between TB 
resulting from reactivation versus recent M. tuber-
culosis transmission often is impossible; thus, esti-
mates of the percentage of cases attributable to re-
cent transmission are needed to inform prioritization 
of resources and activities for TB prevention (14–20). 
With this aim, the Centers for Disease Control and 
Prevention (CDC) developed and validated a plausi-
ble source–case algorithm to estimate the percentage 
of TB cases attributable to recent transmission within 
US borders over a 2-year period (17,18). On the basis 
of that algorithm, ≈10%–15% of TB cases nationwide 
were attributed to recent M. tuberculosis transmis-
sion, but local estimates varied widely (17,21). Dur-
ing 2020–2021, a total of 1,400 cases were attributed 
to recent transmission in the 50 US states and the 
District of Columbia (21). Recent literature also sug-
gests heterogeneity in transmission at the individual 
case level; some analyses have proposed that trans-
mission associated with a few TB cases accounts for a 
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Tuberculosis (TB) outbreaks in the United States can 
cause substantial illness. Using surveillance and genotyp-
ing data, we applied a plausible source–case algorithm 
to identify TB cases reported during 2018–2020 respon-
sible for secondary cases attributed to recent Mycobac-
terium tuberculosis transmission during 2020–2022. We 
used mixed models and a machine learning workflow to 
assess sociodemographic, clinical, and social risk factors 
associated with plausible sources. In mixed models, spu-
tum smear positivity, cavitary disease, race/ethnicity other 
than non-Hispanic White or non-Hispanic Asian, age <65 
years, US birth, and homelessness were associated with 
plausible sources. An adaptive boosting model achieved 
an area under the receiver operating characteristic curve 
of 0.81 on test data. Transmission was heterogeneous; 
8.1% of sources linked to 3–15 secondary cases ac-
counted for 24.9% of transmission events. Focusing case 
management and contact investigations on cases with the 
characteristics we identified could reduce M. tuberculosis 
transmission and improve TB prevention.
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disproportionate share of secondary cases (15,16,22–
25) and that transmission associated with those cases 
is more likely to result in outbreaks (15,24). 

Focused interventions to prevent transmission, 
such as intensive case management and contact in-
vestigations for cases most likely to generate second-
ary cases, could reduce TB illnesses. Nonetheless, few 
analyses have sought to describe the characteristics of 
cases presumed to have transmitted M. tuberculosis to 
secondary cases (17,18). We used national molecular 
and case surveillance data to characterize the sociode-
mographic, clinical, and social risk factors associated 
with plausible TB source cases in the United States.

Materials and Methods

Data Sources
We obtained patient and case characteristics from 
the National Tuberculosis Surveillance System for in-
cident TB cases reported to CDC during 2018–2022; 
demographic, clinical, and social risk factors are re-
ported for each case (21). We included cases from all 
50 US states and the District of Columbia.

For community-level characteristics, we used the 
CDC/Agency for Toxic Substances and Disease Reg-
istry’s Social Vulnerability Index (SVI) based on the 
US Census Bureau’s 2016–2020 American Commu-
nity Survey (26). The SVI provides a relative vulner-
ability ranking for each US county by using 16 social 
factors grouped into 4 themes (i.e., socioeconomic 
status [SES], household characteristics, racial and eth-
nic minority status, and housing type and transpor-
tation) and an overall ranking. Rankings are values 
from 0 to 1, where higher values indicate higher social 
vulnerability.

We used genotyping data generated from whole-
genome sequencing methods that assign a whole-
genome multilocus sequence type (wgMLSType). 
M. tuberculosis isolate sequencing has been routinely 
available for >96% of culture-confirmed TB cases re-
ported since 2018. The wgMLSType is assigned by 
comparing the sequences of 2,672 genetic loci and 
designating the same wgMLSType to cases that have 
matching patterns at >99.7% of loci.

We performed whole-genome single-nucleotide 
polymorphism (wgSNP) comparisons for all iso-
late pairs identified by the plausible source–case al-
gorithm as a potential source and secondary case 
during the study period. We used BioNumerics 
7.6.3 (Applied Maths, http://www.applied-maths.
com) to perform wgSNP comparisons, which pro-
vide increased molecular resolution compared with 
wgMLSType. We excluded any single-nucleotide  

polymorphisms (SNPs) in a wgSNP comparison if to-
tal coverage was <5 reads or if it contained any am-
biguous or unreliable bases or gaps. We also excluded 
all SNPs that were <12 bp from another SNP.

Recent Transmission Estimates
We applied the field-validated plausible source–case 
algorithm to culture-confirmed, genotyped TB cas-
es reported during 2020–2022 that had nonunique 
wgMLSTypes. We attributed a case to recent trans-
mission if >1 plausible source case of pulmonary or 
laryngeal TB was diagnosed within the previous 2 
years in persons >10 years of age who had matching 
wgMLSType and resided within a 10-mile radius (18).

We excluded plausible source cases with iso-
lates that differed by >5 SNPs from the secondary 
case’s isolate to restrict the dataset to case pairs that 
are most likely to represent recent transmission (27). 
We extracted all remaining plausible source cases re-
ported during 2018–2020; we classified any case not 
identified as a plausible source case for >1 cases at-
tributed to recent transmission as a nonplausible 
source. Limiting the plausible source–case popula-
tion to 2018–2020 enabled an equal 2-year follow-up 
for any subsequent secondary cases when assigning 
plausible source case status.

Study Population
We used a single binary outcome for analyses, de-
fined as whether a case was identified as a plausible 
source case during 2018–2020 for >1 secondary cases 
attributed to recent transmission during 2020–2022. 
Because a secondary case can have multiple plausible 
sources, we assessed 2 scenarios: inclusion of all plau-
sible sources (all scenario) and selection of a single 
most likely plausible source (most likely scenario).

We developed a decision tree to determine the 
most likely plausible source case. For each secondary 
case, we selected a single most likely source by priori-
tizing minimum wgSNP distance, then documented 
epidemiologic link, followed by highest infectious-
ness index. We resolved ties at random (Figure 1). We 
applied the most likely scenario to plot the distribu-
tion of the number of secondary cases attributed to 
recent transmission during 2020–2022 associated with 
each plausible source identified during 2018–2020.

Descriptive Analyses
We compared individual-level demographic, clini-
cal, and social risk factors and community-level SVI 
measures of plausible versus nonplausible sources 
under both scenarios. To assess characteristics associ-
ated with plausible source cases that transmit to >3  

Plausible Source Cases for M. tuberculosis
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secondary cases, we performed an additional descrip-
tive analysis by using the most likely scenario and 
stratified the outcome into 0, 1–2, and >3 secondary 
cases. We used χ2 test of independence or Fisher exact 
test for categorical variables and Wilcoxon rank-sum 
tests for continuous variables. We considered p<0.05 
statistically significant.

Generalized Linear Mixed Models
We fit a multivariable generalized linear mixed mod-
el (GLMM) to determine individual- and community-
level characteristics associated with being a plausible 
source case and developed separate models for the 
all and most likely scenarios. We incorporated a ran-
dom intercept for county to accommodate clustering 
of cases by county and inclusion of county-level SVI 
measures; we assessed the separate factors in any SVI 
theme that were significantly associated with the out-
come. We performed backward elimination starting 
with all variables included in the descriptive analysis. 
We assessed effect modification in the reduced model 
and evaluated multicollinearity by using variance in-
flation factors. We sequentially removed covariates 
if their exclusion decreased the Akaike information 

criterion, finalized models when no further improve-
ment was observed, and calculated adjusted odds ra-
tios (aORs) and 95% CIs.

Machine Learning Models
We also evaluated machine learning models (MLMs) 
that predict whether a TB case is estimated to be a 
plausible source. Using the most likely scenario, we 
developed a machine learning workflow to assess 
10 different methods and included all features (i.e., 
variables) from the descriptive analysis (28) (Appen-
dix, https://wwwnc.cdc.gov/EID/article/32/6/26-
0104-App1.pdf).

Sensitivity Analyses
We reran both the GLMM and MLM workflows to 
evaluate the effects of using the infectiousness index 
to determine the outcome and smear positivity and 
cavitary disease as predictors. First, we restricted the 
data to the subset of secondary cases for which the 
most likely plausible source was determined using 
only wgSNP difference or epidemiologic link. Then, 
we reran the selection hierarchy without the infec-
tiousness index (Appendix).

Figure 1. Determination of the most likely plausible source cases responsible for recent Mycobacterium tuberculosis transmission, 
United States, 2018–2022. Flowchart shows the structured decision process used to identify the most likely plausible source case. The 
algorithm evaluated SNP differences, epidemiologic links in the NTSS, and an index of infectiousness. If ties remained after applying 
those criteria, 1 plausible source case was randomly selected from the remaining candidates. CXR, chest radiograph; CT, computed 
tomography; NTSS, National Tuberculosis Surveillance System; SNP, single-nucleotide polymorphism; TB, tuberculosis.
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We used SAS version 9.4 (SAS Institute, Inc., 
https://www.sas.com) for data management, de-
scriptive analyses, and GLMM development and 
Python version 3.9.13 (Python Software Founda-
tion, https://www.python.org) for MLM analyses. 
CDC determined this activity to be routine public 
health surveillance and not human subjects re-
search. WGS was performed as part of routine pub-
lic health surveillance and no new sequence data 
were generated as part of this study. Sequence data 
included in this analysis are available in the Na-
tional Center for Biotechnology Information (Bio-
Project no. PRJNA1237251).

Results

Study Population
During 2018–2022, a total of 41,264 TB cases were 
reported from the 50 US states and the District of 
Columbia, of which 32,110 (77.8%) were culture-con-
firmed and genotyped, and 61% (n = 19,577) of cul-
ture-confirmed and genotyped cases were reported 
during 2018–2020. Using the plausible source–case 
algorithm, we identified 3,762 recent transmission 
source–secondary case pairs for which 1,922 (51.1%) 
were supported by wgSNP analysis (Figure 2). The 
1,922 case pairs comprised 922 cases attributed to 
recent transmission during 2020–2022, indicating a 

mean of 2.1 (range 1–24) plausible source cases per 
secondary case. We identified 893 (4.6%) unique plau-
sible source cases during 2018–2020 for the all scenar-
io (Table 1; Figure 2; Appendix Table 1). We found 
secondary cases attributed to recent transmission in 
44 states.

For the most likely scenario, we identified 645 
(3.3%) unique plausible source cases during 2018–
2020 (Table 2; Appendix Table 2). Among the 922 
cases attributed to recent transmission, we chose 753 
(81.7%) plausible source cases by using wgSNP differ-
ence, 114 (12.4%) by using the index of infectiousness, 
44 (4.8%) by using random selection, and 11 (1.2%) by 
using epidemiologic links (Appendix Table 4).

Descriptive Analyses
In the all scenario, plausible sources were more often 
male sex, US-born, <65 years of age, and other than 
non-Hispanic White or non-Hispanic Asian race/eth-
nicity, and they more frequently reported homeless-
ness and substance use. Those plausible sources also 
more often had smear positivity and cavitary disease. 
County-level social vulnerability was higher among 
plausible sources, especially the SES theme (Table 1; 
Appendix Table 1).

Using the most likely scenario, characteristic dis-
tribution differed greatly across the 3 transmission 
categories (nonplausible source, plausible source for 

Figure 2. Flow diagram showing selection of recent transmission source–secondary case pairs from 50 states and Washington, DC, 
included in an analysis of plausible source cases responsible for recent Mycobacterium tuberculosis transmission, United States, 
2018–2022. Among 3,762 RT case pairs identified, case pairs with >5 SNP differences were excluded (n = 1,840), leaving 1,922 
WGS–validated RT case pairs. The analytic dataset included 922 TB cases attributed to RT during 2020–2022 and plausible source 
cases identified during 2018–2020 (all plausible source cases [n = 893] and most likely plausible source cases [n = 645]). RT, recent 
transmission; SNP, single-nucleotide polymorphism; TB, tuberculosis; WGS, whole-genome sequencing.
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Table 1. Characteristics of all plausible source TB cases during 2018–2020 responsible for recent Mycobacterium tuberculosis 
transmission during 2020–2022, United States* 
Characteristic Nonplausible source Plausible source p value† 
Total cases, n = 19,577 18,684 (95.4) 893 (4.6) 

 

Sex 
  

<0.001 
 M 11,465 (61.4) 631 (70.7) 

 

 F 7,216 (38.6) 262 (29.3) 
 

 Unknown 3 (0) 0 
 

Age, y 
  

<0.001 
 <5 185 (1.0) 0 

 

 5–14 191 (1.0) 13 (1.5) 
 

 15–24 1,802 (9.6) 120 (13.4) 
 

 25–44 5,521 (29.5) 338 (37.9) 
 

 45–64 5,503 (29.5) 337 (37.7) 
 

 >65 5,482 (29.3) 85 (9.5) 
 

Origin of birth   <0.001 
 United States 4,829 (25.8) 536 (60.0)  
 Non-US country 13,826 (74.0) 356 (39.9)  
 Unknown 29 (0.2) 1 (0.1)  
Race and ethnicity‡ 

  
<0.001 

 Hispanic or Latino 5,459 (29.2) 290 (32.5) 
 

 American Indian/Alaska Native 161 (0.9) 47 (5.3) 
 

 Native Hawaiian/Pacific Islander 215 (1.2) 29 (3.2) 
 

 Black 3,377 (18.1) 325 (36.4) 
 

 Asian 7,161 (38.3) 86 (9.6)  
 White 2,115 (11.3) 104 (11.6)  
 Multiple race 137 (0.7) 6 (0.7)  
 Unknown 59 (0.3) 6 (0.7)  
Resident of a correctional facility at TB diagnosis 

  
<0.001 

 Y 464 (2.5) 49 (5.5) 
 

 N 18,154 (97.2) 834 (93.4) 
 

 Unknown 66 (0.3) 10 (1.1) 
 

Experiencing homelessness within past 12 mo 
  

<0.001 
 Y 744 (4.0) 138 (15.4) 

 

 N 17,776 (95.1) 740 (82.9) 
 

 Unknown 164 (0.9) 15 (1.7) 
 

Excess alcohol use within past 12 mo 
  

<0.001 
 Y 1,618 (8.7) 184 (20.6) 

 

 N 16,783 (89.8) 687 (76.9) 
 

 Unknown 283 (1.5) 22 (2.5) 
 

Noninjection drug use within past 12 mo   <0.001 
 Y 1,213 (6.5) 204 (22.8)  
 N 17,022 (91.1) 650 (72.8)  
 Unknown 449 (2.4) 39 (4.4)  
Sputum smear 

  
<0.001 

 Positive 8,788 (47.0) 621 (69.5) 
 

 Negative 7,759 (41.5) 217 (24.3) 
 

 Not done 2,119 (11.3) 55 (6.2) 
 

 Unknown 18 (0.1) 0 
 

Cavitary disease§ 
  

<0.001 
 Y 6,638 (35.5) 541 (60.6) 

 

 N 9,877 (52.9) 310 (34.7) 
 

 Unknown 2,169 (11.6) 42 (4.7) 
 

Contact of infectious tuberculosis patient during past 2 y 
  

<0.001 
 Y 970 (5.2) 122 (13.7) 

 

 Unknown/not reported 17,714 (94.8) 771 (86.3) 
 

Median Social Vulnerability Index score (IQR) ¶ 0.73 (0.49–0.86) 0.83 (0.66–0.89) <0.001# 

 Socioeconomic status 0.65 (0.34–0.86) 0.80 (0.58–0.92) <0.001# 

 Household characteristics 0.45 (0.23–0.70) 0.56 (0.32–0.74) <0.001# 

 Racial and ethnic minority status 0.91 (0.78–0.96) 0.92 (0.82–0.97) <0.001# 

 Housing type and transportation 0.78 (0.61–0.90) 0.83 (0.68–0.91) <0.001# 

*Values are no. (%) except as indicated. IQR, interquartile range; TB, tuberculosis.  
†2 test or Fisher exact test when <5 cases expected. 
‡Except for Hispanic or Latino, all are non-Hispanic. 
§Evidence of >1 lung cavities with chest radiograph, chest computerized tomography, or both. 
¶Overall Social Vulnerability Index includes 16 US Census indicators from the 5-year American Community Survey grouped into 4 themes: socioeconomic 
status, household characteristics, racial and ethnic minority status, and housing type and transportation. Ranking values range from 0 to 1, and higher 
values indicate higher vulnerability and are merged to each case using the patient’s county of residence.  
#Wilcoxon rank sum test.  
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Table 2. Characteristics of most likely plausible source TB cases during 2018–2020 responsible for recent Mycobacterium tuberculosis 
transmission during 2020–2022, United States* 
Characteristic Nonplausible source Plausible source p value† 
Total no. (%) cases, n = 19,577 18,932 (96.7) 645 (3.3) 

 

Sex 
  

<0.001 
 M 11,640 (61.5) 456 (70.7) 

 

 F 7,289 (38.5) 189 (29.3) 
 

 Unknown 3 (0.0) 0 (0.0) 
 

Age, y 
  

<0.001 
 <5 185 (1.0) 0 (0.0) 

 

 5–14 198 (1.0) 6 (0.9) 
 

 15–24 1,828 (9.7) 94 (14.6) 
 

 25–44 5,620 (29.7) 239 (37.1) 
 

 45–64 5,597 (29.6) 243 (37.7) 
 

 >65 5,504 (29.1) 63 (9.8) 
 

Origin of birth   <0.001 
 United States 5,022 (26.5) 343 (53.2)  
 Non-US country 13,881 (73.3) 301(46.7)  
 Unknown 29 (0.2) 1 (0.2)  
Race and ethnicity‡ 

  
<0.001 

 Hispanic or Latino 5,513 (29.1) 236 (36.6) 
 

 American Indian/Alaska Native 186 (1.0) 22 (3.4) 
 

 Native Hawaiian/Pacific Islander 221 (1.2) 23 (3.6) 
 

 Black 3,486 (18.4) 216 (33.5) 
 

 Asian 7,175 (37.9) 72 (11.2)  
 White 2,150 (11.4) 69 (10.7)  
 Multiple race 141 (0.7) 2 (0.3)  
 Unknown 60 (0.3) 5 (0.8)  
Resident of a correctional facility at time of TB diagnosis 

  
<0.001 

 Y 483 (2.6) 30 (4.7) 
 

 N 18,381 (97.1) 607 (94.1) 
 

 Unknown 68 (0.4) 8 (1.2) 
 

Experiencing homelessness within past 12 mo 
  

<0.001 
 Y 793 (4.2) 89 (13.8) 

 

 N 17,973 (94.9) 543 (84.2) 
 

 Unknown 166 (0.9) 13 (2.0) 
 

Excess alcohol use within past 12 mo 
  

<0.001 
 Y 1,683 (8.9) 119 (18.5) 

 

 N  16,961 (89.6) 509 (78.9) 
 

 Unknown 288 (1.5) 17 (2.6) 
 

Noninjection drug use within past 12 mo   <0.001 
 Y 1,273 (6.7) 144 (22.3)  
 N  17,199 (90.9) 473 (73.3)  
 Unknown 460 (2.4) 28 (4.3)  
Sputum smear 

  
<0.001 

 Positive 8,909 (47.1) 500 (77.5) 
 

 Negative 7,863 (41.5) 113 (17.5) 
 

 Not done 2,142 (11.3) 32 (5.0) 
 

 Unknown 18 (0.1) 0 (0.0) 
 

Cavitary disease§ 
  

<0.001 
 Y 6,737 (35.6) 442 (68.5) 

 

 N  10,004 (52.8) 183 (28.4) 
 

 Unknown 2,191 (11.6) 20 (3.1) 
 

Contact of infectious tuberculosis patient during prior 2 y 
  

<0.001 
 Y 1,030 (5.4) 62 (9.6) 

 

 Unknown/not reported 17,902 (94.6) 583 (90.4) 
 

Median Social Vulnerability Index score (IQR)¶ 0.73 (0.49–0.86) 0.80 (0.65–0.89) <0.001# 

 Socioeconomic status 0.65 (0.34–0.87) 0.79 (0.56–0.90) <0.001# 

 Household characteristics 0.46 (0.23–0.70) 0.55 (0.32–0.74) <0.001# 

 Racial and ethnic minority status 0.91 (0.78–0.97) 0.91 (0.81–0.97) 0.006# 

 Housing type and transportation 0.78 (0.61–0.90) 0.82 (0.67–0.91) <0.001# 

*Values are no. (%) except as indicated. IQR, interquartile range; TB, tuberculosis.  
†2 test or Fisher exact test when <5 cases expected. 
‡Except for Hispanic or Latino, all are non-Hispanic. 
§Evidence of >1 lung cavities with chest radiograph, chest computerized tomography, or both. 
¶Overall Social Vulnerability Index includes 16 US Census indicators from the 5-year American Community Survey grouped into 4 themes: socioeconomic 
status, household characteristics, racial and ethnic minority status, and housing type and transportation. Ranking values range from 0 to 1, and higher 
values indicate higher vulnerability and are merged to each case using the patient’s county of residence. 
#Wilcoxon rank sum test. 
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1–2 cases, and plausible source for >3 cases) (Table 
3; Appendix Table 3). Descriptively, among plausi-
ble source cases estimated to have transmitted to >3 
(range 3–15) secondary cases, the highest percentages 
were among persons reporting male sex, 25–44 years 
of age, US-born, non-Hispanic Black race/ethnicity, 
experiencing homelessness, noninjection drug use, 
sputum smear positivity, and cavitary disease. Social 
vulnerability, including all 4 SVI themes, was also 
highest for the >3 secondary cases category.

GLMMs
Of the 19,577 cases available for analysis, we exclud-
ed 311 (1.6%) with missing data for sex, birth coun-
try, race/ethnicity, sputum smear, or county. We 
excluded all cases among children 0–4 years of age 
from analysis because plausible source cases had to 
be >10 years of age. For the all scenario, we found 
that the following characteristics were most associat-
ed with being a plausible source case: race/ethnicity, 
specifically Native Hawaiian/Pacific Islander non-
Hispanic (aOR 5.34 [95% CI 3.11–9.17]), American In-
dian/Alaska Native non-Hispanic (aOR 2.12 [95% CI 
1.10–4.06]), and Black non-Hispanic (aOR 1.82 [95% 
CI 1.40–2.36]), compared with White non-Hispanic 
persons; age <65 years compared with >65 years of 
age, the greatest association of which was 15–24 years 
of age (aOR 3.01 [95% CI 2.21–4.30]); US-born (aOR 
2.41 [95% CI 1.99–2.91]); experiencing homelessness 
(aOR 1.89 [95% CI 1.49–2.39]); and indicators of in-
fectiousness, specifically positive sputum smear (aOR 
1.71 [95% CI 1.42–2.07]) and cavitary disease (aOR 
1.69 [95% CI 1.42–2.00]) (Table 4). Noninjection drug 
use, male sex, and Hispanic ethnicity also were asso-
ciated with plausible source cases.

Among the SVI themes, only SES was significant-
ly associated with plausible source cases in multivari-
able generalized linear mixed modeling (p<0.001). 
Thus, we included 2 of the SES component factors in 
the final model: housing cost burden (aOR 1.20 [95% 
CI 1.06–1.36]), defined as households spending >30% 
of annual income on housing (26); and not having 
health insurance (aOR 1.13 [95% CI 1.02–1.25]). We 
calculated SVI aORs on the basis of a 0.20-unit (i.e., 
20%) increase for each factor. Multicollinearity was 
modest for age and race/ethnicity, but no variance 
inflation factors exceeded 4. We found no statistically 
significant effect modification in the final model. 

The final model for the most likely scenario in-
cluded the same variables as the all scenario except 
for SES factors (Table 5). We only retained the not 
having health insurance (aOR 1.12 [95% CI 1.04–1.21]) 
factor in that model.

Machine Learning Predictive Models
After random selection of nonplausible source cases, 
we ran MLMs under the most likely scenario by us-
ing 3,456 observations, among which we used 2,686 
(77.8%) for training and 770 (22.2%) for testing (Ap-
pendix Table 5). We assessed recall and F1 statistic, 
which is the harmonic mean of weighted-average 
recall and weighted-average precision computed as 
prevalence-weighted averages across the classes. We 
noted recall and F1 statistic were highest for gradi-
ent boosting (recall 0.758; F1 0.752), adaptive boosting  
(recall 0.751; F1 0.750), and random forest (recall 0.755; 
F1 0.740) methods; we selected those methods for hy-
perparameter tuning. The tuned adaptive boosting 
model had the highest area under the receiver operat-
ing characteristic curve (AUC; 0.780) (Appendix). 

We found no reduction in predictive perfor-
mance for the tuned adaptive boosting model when 
applied to the test set (F1 0.761; AUC 0.811) versus 
model training (F1 0.755; AUC 0.780). Sensitivity was 
55.4% (95% CI 48.7%–62.2%), specificity 82.7% (95% 
CI 79.5%–85.8%), and AUC 0.81 (95% CI 0.78–0.84) 
with the test set. Individual-level factors dominated 
feature importance and county-level SVI measures 
were less predictive (Figure 3; Appendix).

Distribution of Secondary Cases Associated with  
Plausible Source Cases
The distribution of the number of secondary cases 
attributed to each plausible source case was right 
skewed, indicating heterogeneity of TB transmission 
(Appendix Figure). Most (76.6%, n = 494) plausible 
source cases transmitted to a single secondary case 
and comprised 53.6% of all estimated transmission 
events. Plausible source cases that transmitted to 3–15 
secondary cases (8.1%, n = 52) comprised 24.9% of all 
estimated transmission events.

Sensitivity Analyses
We restricted analyses to source assignments solely 
on the basis of wgSNP difference or epidemiologic 
link and we removed the index of infectiousness 
from the hierarchy. In both instances, associations for 
smear positivity and cavitary disease were modestly 
attenuated but remained statistically significant (Ap-
pendix Table 6).

Discussion
M. tuberculosis transmission was rare in the United 
States during 2018–2022; nonetheless, cases attrib-
uted to recent transmission were diagnosed in near-
ly every US state. In mixed models, sputum smear 
positivity, cavitary disease, race/ethnicity other than  
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Table 3. Characteristics of most likely plausible TB cases during 2018–2020 responsible for recent Mycobacterium tuberculosis 
transmission to >1 secondary TB cases during 2020–2022, United States* 

Characteristic Nonplausible source 
Plausible source for >1 TB cases 

p value† 1–2 cases >3 cases 
Total no. (%) cases, n = 19,577 18,932 (96.7) 593 (3.0) 52 (0.3) 

 

Sex 
   

<0.001 
 M 11,640 (61.5) 415 (70.0) 41 (78.9) 

 

 F 7,289 (38.5) 178 (30.0) 11 (21.1) 
 

 Unknown 3 (0.0) 0 (0.0) 0 (0.0) 
 

Age, y 
   

<0.001 
 <5 189 (1.0) 0 (0.0) 0 (0.0) 

 

 5–14 198 (1.0) 6 (1.0) 0 (0.0) 
 

 15–24 1,828 (9.7) 87 (14.7) 7 (13.5) 
 

 25–44 5,620 (29.7) 214 (36.1) 25 (48.1) 
 

 45–64 5,597 (29.6) 225 (37.9) 18 (34.6) 
 

 >65 5,504 (29.1) 61 (10.3) 2 (3.8) 
 

Origin of birth    <0.001 
 United States 5,022 (26.5) 306 (51.6) 37 (71.2)  
 Non-US country 13,881 (73.3) 286 (48.2) 15 (28.8)  
 Unknown 29 (0.2) 1 (0.2) 0 (0.0)  
Race and ethnicity‡ 

   
<0.001 

 Hispanic or Latino 5,513 (29.1) 227 (38.3) 9 (17.3) 
 

 American Indian/Alaska Native 186 (1.0) 15 (2.5) 7 (13.5) 
 

 Native Hawaiian/Pacific Islander 221 (1.2) 22 (3.7) 1 (1.9) 
 

 Black 3,486 (18.4) 188 (31.7) 28 (53.8) 
 

 Asian 7,175 (37.9) 68 (11.5) 4 (7.7)  
 White 2,150 (11.4) 66 (11.1) 3 (5.8)  
 Multiple race 141 (0.7) 2 (0.3) 0 (0.0)  
 Unknown 60 (0.3) 5 (0.8) 0 (0.0)  
Resident of a correctional facility at time of TB diagnosis 

   
<0.001 

 Y 483 (2.5) 27 (4.5) 3 (5.8) 
 

 N 18,381 (97.1) 559 (94.3) 48 (92.3) 
 

 Unknown 68 (0.4) 7 (1.2) 1 (1.9) 
 

Experiencing homelessness within past 12 mo 
   

<0.001 
 Y 793 (4.2) 78 (13.1) 11 (21.1) 

 

 N 17,973 (94.9) 504 (85.0) 39 (75.0) 
 

 Unknown 166 (0.9) 11 (1.9) 2 (3.9) 
 

Excess alcohol use within past 12 mo 
   

<0.001 
 Y 1,683 (8.7) 109 (18.4) 10 (19.2) 

 

 N  16,961 (89.6) 471 (79.4) 38 (73.1) 
 

 Unknown 288 (1.5) 13 (2.2) 4 (7.7) 
 

Noninjection drug use within past 12 mo    <0.001 
 Y 1,273 (6.7) 124 (20.9) 20 (38.5)  
 N  17,199 (90.9) 446 (75.2) 27 (51.9)  
 Unknown 460 (2.4) 23 (3.9) 5 (9.6)  
Sputum smear 

   
<0.001 

 Positive 8,909 (47.1) 455 (76.7) 45 (86.5) 
 

 Negative 7,863 (41.5) 108 (18.2) 5 (9.6) 
 

 Not done 2,142 (11.3) 30 (5.1) 2 (3.9) 
 

 Unknown 18 (0.1) 0 (0.0) 0 (0.0) 
 

Cavitary disease§ 
   

<0.001 
 Y 6,737 (35.6) 402 (67.8) 40 (76.9) 

 

 N  10,004 (52.8) 173 (29.2) 10 (19.2) 
 

 Unknown 2,191 (11.6) 18 (3.0) 2 (3.9) 
 

Contact of infectious tuberculosis patient during prior 2 y 
   

<0.001 
 Y 1,030 (5.4) 55 (9.3) 7 (13.5) 

 

 Unknown/not reported 17,902 (94.6) 538 (90.7) 45 (86.5) 
 

Median Social Vulnerability Index score (IQR)¶ 0.73 (0.49–0.86) 0.80 (0.64–0.89) 0.86 (0.78–0.89) <0.001 

 Socioeconomic status 0.65 (0.34–0.86) 0.77 (0.56–0.88) 0.84 (0.70–0.92) <0.001 

 Household characteristics 0.46 (0.23–0.70) 0.54 (0.31–0.74) 0.57 (0.32–0.77) <0.001 

 Racial and ethnic minority status 0.91 (0.78–0.97) 0.91 (0.81–0.97) 0.93 (0.83–0.97) 0.01 

 Housing type and transportation 0.78 (0.61–0.90) 0.82 (0.67–0.91) 0.85 (0.68–0.91) <0.001 

*Values are no. (%) except as indicated. IQR, interquartile range; TB, tuberculosis.  
†2 test or Fisher exact test when <5 cases expected; indicates differences across the 3 categories. 
‡Except for Hispanic or Latino, all are non-Hispanic. 
§Evidence of >1 lung cavities with chest radiograph, chest computerized tomography, or both. 
¶Overall Social Vulnerability Index includes 16 US Census indicators from the 5-year American Community Survey grouped into 4 themes: socioeconomic 
status, household characteristics, racial and ethnic minority status, and housing type and transportation. Ranking values range from 0 to 1, and higher 
values indicate higher vulnerability and are merged to each case using the patient’s county of residence. p value calculated by Kruskal-Wallis test. 
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non-Hispanic White or Asian, age 15–44 years, being 
US-born, and homelessness were associated with be-
ing a plausible source for transmission. We found het-
erogeneous transmission and 8.1% of plausible source 
cases identified by the recent transmission algorithm 
were linked to 3–15 secondary cases and accounted 
for 24.9% of inferred transmission events. Among 
plausible source cases identified during 2018–2020 

that were linked to >3 secondary cases, 86.5% were 
sputum smear–positive versus 48.1% of all geno-
typed cases reported during that period; similarly, 
76.9% of plausible source cases had cavitary disease 
versus 36.7% of all genotyped cases. US-born persons 
only accounted for 27.4% of all genotyped cases, but 
71.2% of plausible sources linked to >3 secondary 
cases were among US-born persons.

Table 4. Multivariable model results for all plausible source TB cases during 2018–2020 responsible for recent Mycobacterium 
tuberculosis transmission during 2020–2022, United States* 
Characteristic Plausible sources, no. (%) aOR (95% CI) 
Total no. (%) cases, n = 19,266 886 (4.6)† NA 
Sex 

  

  M 625 (70.5) 1.26 (1.07–1.48) 
 F 261 (29.5) Referent 
Age, y   
 10–14 13 (1.5) 2.26 (1.17–4.10) 
 15–24 120 (13.5) 3.01 (2.21–4.30) 
 25–44 334 (37.7) 2.70 (2.08–3.51) 
 45–64 334 (37.7) 2.51 (1.94–3.25) 
 >65 85 (9.6) Referent 
Origin of birth 

  

 United States 535 (60.4) 2.41 (1.99–2.91) 
 Outside United States 351 (39.6) Referent 
 Unknown 

  

Race and ethnicity‡   
 Hispanic or Latino 289 (32.6) 1.52 (1.15–2.02) 
 American Indian/Alaska Native 47 (5.3) 2.12 (1.10–4.06) 
 Native Hawaiian/Pacific Islander 29 (3.3) 5.34 (3.11–9.17) 
 Black 325 (36.7) 1.82 (1.40–2.36) 
 Asian 86 (9.7) 0.63 (0.45–0.90) 
 White 104 (11.7) Referent 
 Multiple race 6 (0.7) 1.03 (0.41–2.61) 
Experiencing homelessness within past 12 mo 

  

  Y 137 (15.5) 1.89 (1.49–2.39) 
 N 735 (83.0) Referent 
 Unknown 14 (1.6) 1.22 (0.62–2.39) 
Noninjection drug use within past 12 mo 

  

  Y 204 (23.0) 1.38 (1.12–1.69) 
 N 646 (72.9) Referent 
 Unknown 36 (4.1) 1.68 (1.08–2.59) 
Sputum smear   
 Positive 615 (69.4) 1.71 (1.42–2.07) 
 Negative 216 (24.4) Referent 
 Not done 55 (6.2) 0.98 (0.69–1.39) 
Cavitary disease§ 

  

  Y 536 (60.5) 1.69 (1.42–2.00) 
 N 309 (34.9) Referent 
 Unknown 41 (4.6) 0.63 (0.44–0.90) 
Type of therapy 

  

 Directly observed therapy alone 591 (66.7) 0.72 (0.51–1.02) 
 Self-administered therapy alone 9 (1.0) 0.35 (0.16–0.73) 
 Both 230 (26.0) 0.62 (0.43–0.90) 
 Unknown 56 (6.3) Referent 
Social Vulnerability Index score¶ 

  

 SES—housing cost burden NA 1.20 (1.06–1.36) 
 SES—no health insurance NA 1.13 (1.02–1.25) 
*Outcome of plausible source versus not a plausible source for all cases of tuberculosis with a genotyped isolate. Excludes cases with missing sex, origin 
of birth, race/ethnicity, unknown sputum smear status, 0–4 years of age, and county of residence. All plausible source cases identified by the recent 
transmission algorithm for a given secondary case are included. aOR, adjusted odds ratio; SES, socioeconomic status; TB, tuberculosis. 
†Of 19,266 included case-patients. 
‡Except for Hispanic or Latino, all are non-Hispanic. 
§Evidence of >1 lung cavities with chest radiograph, chest computerized tomography, or both. 
¶Social Vulnerability Index includes 16 US Census indicators from the 5-year American Community Survey grouped into 4 themes: SES, household 
characteristics, racial and ethnic minority status, and housing type and transportation. Ranking values range from 0 to 1, and higher values indicate higher 
vulnerability and are merged to each case using the patient’s county of residence. ORs based on a 0.2-unit (20%) change for that indicator. 
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Our results align with prior investigations of 
source-case characteristics. A study from the Nether-
lands defined source cases as the first case diagnosed 
in a genotype-matched cluster (29). That study found 
fewer secondary cases for female sex and decreas-
ing numbers of cases with increasing source age. In 
another study conducted among smear-positive TB 
patients in Barcelona, Spain, researchers used con-
tact investigations to identify secondary cases and 
found that more secondary cases occurred after cases 
in younger adults, those with cavitary disease, and  

persons who injected drugs (30). In Peru, sources 
identified by using wgSNP distance more often were 
<34 years of age, were male, and had incarceration 
history or reported alcohol use or smoking (31).

Characteristics of plausible source cases in our 
study were like characteristics of cases estimated 
to be attributed to recent transmission. One study 
found that among the largest 10% of recent transmis-
sion clusters, cases attributed to recent transmission 
were more likely to be in persons who were US-born, 
American Indian/Alaska Native non-Hispanic, Native  

 
Table 5. Multivariable model results for most likely plausible source TB cases during 2018–2020 responsible for recent Mycobacterium 
tuberculosis transmission during 2020–2022, United States 
Characteristics Plausible sources, no. (%) aOR (95% CI) 
Total no. cases, (%); n = 19,126 637 (3.3) NA 
Sex   
  M 449 (70.5) 1.26 (1.05–1.52) 
 F 188 (29.5) Referent 
Age, y   
 10–14 6 (0.9) 2.00 (0.83–4.82) 
 15–24 92 (14.4) 3.03 (2.15–4.27) 
 25–44 236 (37.1) 2.56 (1.90–3.45) 
 45–64 240 (37.7) 2.38 (1.78–3.19) 
 >65 63 (9.9) Referent 
Origin of birth   
 United States 341 (53.5) 1.95 (1.58–2.41) 
 Outside United States 296 (46.5) Referent 
Race and ethnicity†   
 Hispanic or Latino 235 (36.9) 1.72 (1.25–2.35) 
 American Indian/Alaska Native 22 (3.5) 2.71 (1.47–4.98) 
 Native Hawaiian/Pacific Islander 23 (3.6) 5.72 (3.30–9.93) 
 Black 216 (33.9) 1.90 (1.42–2.55) 
 Asian 72 (11.3) 0.76 (0.52–1.11) 
 White 69 (10.8) Referent 
Experiencing homelessness within past 12 mo.   
  Y 88 (13.8) 1.59 (1.22–2.07) 
 N 537 (84.3) Referent 
 Unknown 12 (1.9) 1.73 (0.88–3.38) 
Noninjection drug use within past 12 mo.   
  Y 144 (22.6) 1.49 (1.19–1.87) 
 N 468 (73.5) Referent 
 Unknown 25 (3.9) 1.42 (0.87–2.31) 
Sputum smear   
 Positive 494 (77.5) 2.33 (1.85–2.93) 
 Negative 112 (17.6) Referent 
 Not done 31 (4.9) 1.14 (0.74–1.76) 
Cavitary disease‡   
  Y 438 (68.8) 2.07 (1.70–2.52) 
 N 181 (28.4) Referent 
 Unknown 18 (2.8) 0.54 (0.33–0.89) 
Type of therapy   
 Directly observed therapy alone 413 (64.8) 0.62 (0.43–0.90) 
 Self-administered therapy alone 7 (1.1) 0.38 (0.17–0.88) 
 Both 173 (27.2) 0.55 (0.37–0.81) 
 Unknown 44 (6.9) Referent 
Social Vulnerability Index score§   
   SES—no health insurance NA 1.12 (1.04–1.21) 
*Outcome of plausible source versus not plausible source for all cases of tuberculosis disease with a genotyped isolate. Excludes cases with missing sex, 
origin of birth, race/ethnicity, unknown sputum smear status, and children 0–4 years of age. Most likely plausible source identified for each secondary 
case is included (Figure 1). aOR, adjusted odds ratio; NA, not applicable; SES, socioeconomic status; TB, tuberculosis. 
†Except for Hispanic or Latino, all are non-Hispanic. 
‡Evidence of 1 or more lung cavities with chest radiograph, chest computerized tomography scan, or both. 
§Social Vulnerability Index includes 16 US Census indicators from the 5-year American Community Survey grouped into 4 themes: SES, household 
characteristics, racial and ethnic minority status, and housing type and transportation. Ranking values range from 0 to 1, and higher values indicate higher 
vulnerability and are merged to each case using the patient’s county of residence. ORs based on a 0.2-unit (20%) change for that indicator. 
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Hawaiian/Pacific Islander non-Hispanic, Black non-
Hispanic, and Asian non-Hispanic and who reported 
homelessness (17).

In our study, positive sputum smear and cavitary 
disease, markers of infectiousness and advanced dis-
ease (32–34), were consistently associated with source 
case status in both GLMM and MLM, including sensi-
tivity analyses where those factors were not used to se-
lect between potential source cases. Those associations 
support the current practice of prioritizing contact in-
vestigations for smear-positive and cavitary TB cases 
(13) and suggest that diagnostic delays contribute to 
transmission. Delays might reflect barriers to care, in-
cluding homelessness (4, 5,10,35), or missed diagnoses 
after seeking healthcare services (36). Because TB is 
uncommon in the United States, clinicians might not 
routinely consider it in symptomatic patients. Of note, 
whereas most US TB cases occur among persons born 
outside the United States, plausible source cases in our 
study had higher odds of being in US-born persons. 
Although Asian non-Hispanic persons account for 
most TB cases (21), they were not substantially associ-
ated with plausible source status in this study. Missed 
diagnoses and longer infectious periods among high-
er-risk groups could explain those findings. Therefore, 
robust epidemiology and outbreak detection should be 
used to customize local TB control and prevention ef-
forts focused on at-risk persons.

We found that county-based social determinants 
of health related to SES (i.e., burdened by housing 
cost and not having health insurance) were associated 
with plausible source case attribution in the GLMM 
(26). Those associations could reflect barriers to TB 
care, including lack of insurance and constrained re-
sources in settings with high housing costs (37,38). A 
study that examined data from TB cases reported to 
the California TB Registry during 2012–2016 found 
higher TB rates in the lowest SES areas, which de-
fined SES by low education, crowding, poverty, and 
the California Healthy Places Index (39). An ecologic 
analysis in another study reported that census tracts 
with lower median incomes, more racial/ethnic mi-
nority groups, and more migrants had higher pedi-
atric TB rates; however, overcrowding and unem-
ployment were not associated (40). As in those prior 
studies, our analysis suggests that area-based SES 
measures could inform TB prevention efforts.

Adaptive boosting ranked male sex and young-
er age (<65 years) as the main predictors, followed 
by race/ethnicity, clinical indicators of infectious-
ness, and birth origin (Figure 3). Ensemble methods 
outperformed regression-based approaches in this 
analysis (Appendix Table 5) and have been used 
to predict TB outcomes, including cluster growth 
and positive laboratory results (41,42). The GLMM 
supports inference through interpretable adjusted  

Figure 3. Characteristics 
from an adaptive boosting 
model of plausible source 
cases responsible for recent 
Mycobacterium tuberculosis 
transmission, United States, 
2018–2022. Horizontal bars 
show the normalized impurity-
based importance (mean 
decrease in node impurity) 
associated with each predictor; 
larger values indicate greater 
importance. NH/PI, Native 
Hawaiian/Pacific Islander; SVI, 
Social Vulnerability Index.
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associations, and the MLM offers a complementary 
perspective focused on prediction. Despite differ-
ences in ranking, many of the same predictors were 
influential across both approaches, including mark-
ers of infectiousness, age, race/ethnicity, origin of 
birth, and several social factors. That convergence 
supports the robustness of our findings.

Strengths of our analysis included the use of 
wgSNP comparisons to refute case pairs that were 
not likely to be the result of recent transmission, as-
sessment of both patient- and community-level pre-
dictors for association with being a plausible source 
case, and analysis of plausible source cases of recent 
transmission at a national level. The first limitation of 
this analysis is that some cases could have been misat-
tributed as not sources by the algorithm because the 
source was reported after the secondary case, the 
source was outside a 10-mile radius, or the secondary 
case was not genotyped. Although ≈75% of US cas-
es are culture-confirmed (21) and >96% of those are 
genotyped, TB cases in young children, which would 
predominantly result from recent transmission, have 
substantially lower rates of culture confirmation. Fur-
thermore, because we limited running the algorithm 
to starting in 2020, some of the 2018–2019 cases could 
have been misattributed as not a source if the result-
ing secondary case was also reported in 2018–2019. 
We also might have misattributed cases as not sourc-
es if all contacts with latent TB infection underwent 
successful treatment and did not develop TB disease. 
Second, the COVID-19 pandemic occurred during the 
analysis period. The pandemic was associated with 
changes in healthcare seeking behavior that could 
have affected TB diagnoses; therefore, generalization 
of our results to other time periods should be done 
with caution.

In summary, although M. tuberculosis transmis-
sion is relatively rare in the United States, targeted 
control efforts could prevent outbreaks that over-
whelm public health programs. We identified both 
patient-level and, to a lesser extent, community-level 
characteristics as predictors of being a source of re-
cent transmission. Cases with clinical indicators of 
increased infectiousness were more likely to be trans-
mission sources, supporting current guidance to pri-
oritize those cases for contact investigation. Demo-
graphic characteristics associated with being a source 
case, such as race and origin of birth, differed from 
those of overall TB cases, highlighting the need for 
prompt TB diagnosis in US-born persons with risk 
factors, particularly homelessness and substance use, 
for preventing outbreaks. In addition, enhanced ef-
forts to promptly diagnose TB in communities with 

more uninsured residents and those with high hous-
ing costs might also reduce transmission. Findings 
from this analysis suggest that intensifying public 
health interventions on TB cases in persons with cer-
tain demographic and clinical characteristics could 
yield a greater than expected reduction in M. tubercu-
losis transmission in the United States.
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Respiratory infectious diseases (RIDs) seriously af-
fect human health (1,2). Before COVID-19, pneu-

monia and influenza were the primary fatal RIDs, 
particularly among the older adult population (3,4). 
Given the substantial burden of respiratory infec-
tions on health, identifying factors that contribute to 
reduced life expectancy related to RIDs is crucial for 
advancing public health.

Frailty is a clinical syndrome characterized by 
increased vulnerability caused by decreased physi-
ologic reserves and functions of multiple physiologic 
systems (5,6). Two main approaches are used to assess 
frailty: the frailty phenotype and the deficit accumula-
tion model (7,8). Growing evidence has demonstrat-
ed that frailty increases the risk for various adverse 
outcomes, including falls, Parkinson’s disease, and 

death (9–11). Recent reviews have further highlighted  
frailty as a notable clinical and public health issue in old-
er adults (12). Studies also have linked frailty to chronic 
obstructive pulmonary disease, asthma, and infectious 
diseases (13–16). However, previous studies on the re-
lationship between frailty and RIDs have been limited 
by insufficient sample sizes, and evidence regarding the 
impact of frailty changes over time remains inconclu-
sive. To address those gaps, we examined the associa-
tions of frailty and its long-term changes with risk for 
RIDs by leveraging data from a large UK cohort.

Methods
We conducted a population-based prospective co-
hort study by analyzing data from the UK Biobank 
(https://www.ukbiobank.ac.uk), which recruited 
≈500,000 participants 37–73 years of age across Eng-
land, Wales, and Scotland. Baseline data were collect-
ed during 2006–2010 through touchscreen question-
naires capturing self-reported characteristics, verbal 
interviews for medical history, standardized physical 
measurements, and biological sample collection. In 
addition, participant data were linked to electronic 
health records for longitudinal follow-up. 

We assessed frailty by using a physical frailty 
(PF) phenotype and a frailty index (FI), and catego-
rized persons as nonfrail, prefrail, or frail. We also 
ascertained incident RIDs from linked health records. 
From an initial cohort of 502,376 participants, we ex-
cluded persons with missing data on frailty variables 
(n = 1,988), prevalent (n = 56,977), missing follow-up 
or recruitment information (n = 10), or missing co-
variates (n = 19,710), resulting  in an analytical cohort 
of 423,691 participants for baseline analysis. In the 
longitudinal analysis of frailty changes, we included 
a subset of 16,848 participants who had complete fol-
low-up frailty assessments and did not have interim 
outcomes (Appendix Figure 1, https://wwwnc.cdc.
gov/EID/article/32/6/25-1235-App1.pdf).
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We explored the association between frailty and respi-
ratory infectious diseases (RIDs) through a large cohort 
of 423,691 participants in the UK Biobank. Participants 
without baseline RIDs were assessed by physical frailty 
and frailty index. A total of 16,848 participants had re-
peated assessments. We divided participants into non-
frail, prefrail, and frail groups and categorized frailty 
changes as alleviation, maintenance, or aggravation. 
We estimated risk for RIDs, including influenza, pneu-
monia, and other acute lower respiratory infections. 
Compared with nonfrailty, prefrailty and frailty increased 
risk for RIDs 1.32–2.29 times. Each 0.1-point increase in 
frailty index per year raised risk for RIDs by 47%; each 
1-point increase in physical frailty per year increased risk 
by 26%. Frailty worsening (e.g., aggravation of prefrailty) 
amplified risk by 2.31–4.16 times. Partial frailty improve-
ment did not fully eliminate risk. Frailty is a modifiable, 
dynamic risk factor, underscoring the need for early frail-
ty identification and intervention to reduce RIDs in high-
risk populations.
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Assessment of PF and FI
We used the Fried Frailty Phenotype assessment (7) 
to determine PF. In brief, the Fried model assesses 
5 criteria: 3 self-reported components (unintended 
weight loss, fatigue, and low physical activity) and 
2 objectively measured components (slow walking 
speed and reduced grip strength). We divided partic-
ipants into 3 groups according to the number of Fried 
model criteria met: nonfrail (0 criteria), prefrail (1–2 
criteria), or frail (>3 criteria). 

We used the FI developed by researchers using 
a population of 500,000 participants from the UK 
Biobank (17). In brief, we calculated FI from a set of 
49 self-reported items covering health, diseases and 
disabilities, and mental well-being, according to 
standard protocol. For participants with <10 missing 
responses, we computed FI as the ratio of reported 
health or functional problems to the total number of 
possible items, yielding a score of 0–1. Finally, we 
classified participants as nonfrail (FI <0.12), prefrail 
(FI 0.12–0.24), or frail (FI >0.24). We applied those 
classifications to both baseline and follow-up assess-
ments of PF and the FI.

Definitions of Outcomes
We defined study outcomes as the first occurrence 
of RIDs as classified in the International Classifica-
tion of Diseases, 10th Revision (ICD-10). The primary 
outcome was a composite of influenza (ICD-10 codes 
J09–J11), pneumonia (ICD-10 codes J12–J18), and oth-
er acute lower respiratory tract infections (OALRTI; 
ICD-10 codes J20–J22). We also analyzed those con-
ditions individually as secondary outcomes. We de-
termined study outcomes by linking National Health 
Service (NHS) records, including hospital inpatient 
data and death registry records. Detailed information 
about the linkage process is available on UK Biobank.

Covariables
We considered the following potential confounders: 
age; sex (male or female); ethnicity (White or another 
race); education level (high, intermediate, or low); 
Townsend deprivation index (TDI); smoking status 
(never, former, or current); alcohol consumption sta-
tus (never, former, or current); cumulative dietary risk 
factor score (continuous, ranging from 0 to 9 [most 
healthy to least healthy]); body mass index (BMI, 
kg/m2) category (underweight BMI <18.5, normal 
weight BMI 18.5 to <25, overweight BMI 25 to <30, or 
obese BMI >30); sleep duration (continuous, hours/
day); sleeplessness (never, sometimes, or usually); 
and daytime dozing (never, sometimes, or often). We 
also examined cofounders related to exposure to pol-

lution, including exposure to particulate matter with 
an aerodynamic diameter of <2.5 µm (PM2.5 exposure; 
continuous, μg/m3), nitrogen dioxide (continuous, 
μg/m3), and nitrogen oxide (continuous, μg/m3) (Ap-
pendix Table 1).

Statistical Analysis
We calculated baseline and follow-up characteristics as 
mean (SD) or median (IQR) for continuous variables 
and as no. (%) for categorical variables, which we strat-
ified by frailty status (nonfrail, prefrail, and frail). We 
used analysis of variance (ANOVA) or Kruskal-Wallis 
H test to compare differences for continuous variables 
and χ2 test to compare categorical variables. The pri-
mary outcome was any first-recorded RIDs (compos-
ite of influenza, OALRTI, and pneumonia); we further 
analyzed each of the 3 constituent RIDs as a secondary 
outcome. We calculated time-to-event from the base-
line or first follow-up date until the first RID event, 
death, or December 31, 2022, whichever occurred first. 
We used Kaplan-Meier curves to estimate cumulative 
incidence and compared results by using log-rank 
tests. We used Cox proportional hazards models to es-
timate the hazard ratio (HR) and 95% CI for the risk for 
RIDs and each secondary outcome. 

We analyzed frailty both as a categorical vari-
able and as a continuous variable using a 1-unit in-
crement for PF and a 0.1-unit increment for FI score. 
Fully adjusted models further incorporated restricted 
cubic splines to evaluate potential nonlinear associa-
tions between sustained frailty and risk for RIDs. We 
considered and adjusted for potential confounders in 
multivariable models. Model 1 adjusted for age and 
sex, and model 2 further adjusted for full covariables.

Frailty Trajectories
We derived frailty trajectories by fitting a linear re-
gression model for each participant and using the PF 
(range 0–5) or FI (range 0–1) score as the dependent 
variable and follow-up time as the independent vari-
able. We calculated change in FI (ΔFI) or PF (ΔPF) in 
points per year, which represented a person’s frailty 
trajectory. We defined the association between base-
line and follow-up changes in frailty status and RIDs 
risk. We categorized long-term changes in frailty sta-
tus as alleviation, maintenance, or aggravation, then 
included 7 study categories: nonfrailty maintenance, 
nonfrailty aggravation, prefrailty alleviation, pre-
frailty maintenance, prefrailty aggravation, frailty 
alleviation, and frailty maintenance. We used non-
frailty maintenance as the reference group. For ΔFI 
and ΔPF, values >0 indicated that the degree of frail-
ty increased over time, a value of 0 indicated stable  

Frailty and Respiratory Infectious Diseases
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degree of frailty, and values <0 indicated improve-
ment in degree of frailty. Further, we calculated the 
population attributable risk for RIDs events to esti-
mate the population-level risk associated with chang-
es in frailty status.

Subgroup Analyses
For analyses, we stratified subgroups by age (<65 
vs. >65 years) and sex. To address potential reverse 
causality, we performed a sensitivity analysis by ex-
cluding events occurring within the first 2 years of 
follow-up. Another sensitivity analysis excluded data 
after 2020 to mitigate the confounding effects of the  
COVID-19 pandemic. We further evaluated the  

association between frailty and cause-specific RIDs 
risk by using Fine-Gray competing risks regression 
models and treating all-cause mortality as a compet-
ing event (Appendix Table 2). We conducted 2-tailed 
analyses in R version 4.3.1 (The R Project for Statisti-
cal Computing, https://www.r-project.org) and con-
sidered p<0.05 statistically significant.

Results

Baseline Characteristics
The first assessment cohort included 423,691 persons 
with a mean age of 56.35 years; 45.5% were male and 
54.5% were female (Table 1). In that assessment, we 

 
Table 1. Baseline characteristics of participants in the first and final assessment of physical frailty in a study of association of frailty 
and frailty trajectory with risk for RIDs* 

Characteristics 

First assessment 

 

Final assessment 
Frail, n = 

9,075 
Prefrail, 

n = 144,734 
Nonfrail, 

n = 269,882 
p 

value† 
Frail, 

n = 409 
Prefrail, 

n = 8,350 
Nonfrail, 
n = 8,089 

p 
value† 

Mean follow-up, y (SD)  12.29 (3.34) 13.02 (2.64) 13.37 (2.25) <0.001  8.96 (2.33) 9.50 (1.59) 9.69 (1.44) <0.001 
Mean age, y (SD) 57.86 (7.63) 56.96 (8.08) 55.97 (8.09) <0.001  62.40 (7.52) 62.10 (7.29) 60.36 (7.46) <0.001 
Sex    <0.001     <0.001 
 M 3,327 (36.7) 62,077 (42.9) 127,389 (47.2)   169 (41.3) 3,950 (47.3) 4,144 (51.2)  
 F 5,748 (63.3) 82,657 (57.1) 142,493 (52.8)   240 (58.7) 4,400 (52.7) 3,945 (48.8)  
Ethnicity    <0.001     <0.001 
 White 7,793 (85.9) 133,415 (92.2) 259,028 (96.0)   389 (95.1) 8,122 (97.3) 7,927 (98.0)  
 Another race 1,282 (14.1) 11,319 (7.8) 10,854 (4.0)   20 (4.9) 228 (2.7) 162 (2.0)  
Education    <0.001     <0.001 
 High 1,398 (15.4) 41,353 (28.6) 99,556 (36.9)   106 (25.9) 3,505 (42.0) 3,868 (47.8)  
 Intermediate 4,061 (44.7) 73,466 (50.8) 135,111 (50.1)   219 (53.5) 4,056 (48.6) 3,688 (45.6)  
 Low 3,616 (39.8) 29,915 (20.7) 35,215 (13.0)   84 (20.5) 789 (9.4) 533 (6.6)  
Smoking status    <0.001     <0.001 
 Never 4,229 (46.6) 76,799 (53.1) 154,029 (57.1)   209 (51.1) 4,909 (58.8) 4,944 (61.1)  
 Previous 3,047 (33.6) 50,681 (35.0) 91,828 (34.0)   156 (38.1) 2,918 (34.9) 2,676 (33.1)  
 Current 1,799 (19.8) 17,254 (11.9) 24,025 (8.9)   44 (10.8) 523 (6.3) 469 (5.8)  
Alcohol status    <0.001     <0.001 
 Never 1,060 (11.7) 8,211 (5.7) 8,440 (3.1)   30 (7.3) 320 (3.8) 220 (2.7)  
 Previous 1,025 (11.3) 6,629 (4.6) 6,649 (2.5)   37 (9.0) 275 (3.3) 184 (2.3)  
 Current 6,990 (77.0) 129,894 (89.7) 254,793 (94.4)   342 (83.6) 7,755 (92.9) 7,684 (95.0)  
Mean (SD) Townsend 
deprivation index  

0.74 (3.59) −0.93 (3.24) −1.66 (2.88) <0.001  −0.54 (3.44) −1.91 (2.75) −2.27 (2.53) <0.001 
Mean (SD) sleep 
duration, h/d  

6.81 (2.22) 7.07 (1.37) 7.15 (1.08) <0.001  6.97 (2.19) 7.22 (1.16) 7.21 (0.99) <0.001 
Mean (SD) cumulative 
dietary risk factor score  

5.29 (1.45) 4.99 (1.42) 4.91 (1.38) <0.001  5.29 (1.38) 4.88 (1.33) 4.87 (1.32) <0.001 
Mean (SD) PM2.5, 
μg/m3  

10.34 (1.11) 10.07 (1.06) 9.93 (1.04) <0.001  10.26 (1.13) 10.01 (1.06) 9.92 (1.02) <0.001 
Mean (SD) NO2, μg/m3  29.28 (7.69) 27.33 (7.64) 26.23 (7.56) <0.001  28.02 (6.97) 26.35 (6.92) 25.71 (6.72) <0.001 
Mean (SD) NO, μg/m3  48.91 

(16.56) 
45.24 (15.86) 43.19 (15.28) <0.001  47.05 

(14.94) 
43.78 (14.63) 42.46 

(13.87) 
<0.001 

BMI category‡    <0.001     <0.001 
 Underweight 62 (0.7) 758 (0.5) 1,184 (0.4)   3 (0.7) 36 (0.4) 46 (0.6)  
 Normal weight 1,369 (15.1) 36,742 (25.4) 100,907 (37.4)   68 (16.8) 2,577 (31.1) 3,481 (43.6)  
 Overweight 2,728 (30.1) 60,162 (41.6) 118,895 (44.1)   131 (32.4) 3,664 (44.2) 3,369 (42.2)  
 Obese 4,916 (54.2) 47,072 (32.5) 48,896 (18.1)   202 (50.0) 2,013 (24.3) 1,096 (13.7)  
RIDs    <0.001     <0.001 
 N 6,882 (75.8) 125,900 (87.0) 246,801 (91.4)   337 (82.4) 7,695 (92.2) 7,627 (94.3)  
 Y 2,193 (24.2) 18,834 (13.0) 23,081 (8.6)   72 (17.6) 655 (7.8) 462 (5.7)  
*Values are no. (%) except as indicated. Data are from UK Biobank (https://www.ukbiobank.ac.uk) during 2006–2010 for the first assessment and during 
2012–2013 for the final assessment. BMI, body mass index; PM2.5, particulate matter <2.5 µm; NO, nitrogen oxide; NO2, nitrogen dioxide; RIDs, 
respiratory infectious diseases. 
†Calculated by analysis of variance, Kruskal-Wallis H, or 2 test. p<0.05 considered statistically significant. 
‡Underweight <18.5 kg/m2; normal weight, 18.5 kg/m2 to <25 kg/m2; overweight, 25 kg/m2 to <30 kg/m2; obese, >30 kg/m2.  
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classified 2.14% as frail and 34.16% prefrail over a 
mean follow-up period of 13.79 years (Table 1). The 
final assessment subcohort had a mean follow-up 
of 9.58 years and included 16,848 persons, 2.43% of 
whom were classified as frail and 49.56% as prefrail. 
Persons classified as frail were generally older, were 
more likely to be female, and had lower education 
levels. Frail persons also had higher prevalences of 
smoking, socioeconomic deprivation, adverse sleep 
patterns, poorer diet quality, and higher air pollution 
exposure and were more likely to be overweight or 
obese. Consistent with their risk profiles, frail partici-
pants had a markedly higher incidence of RIDs than 
nonfrail participants.

Overall, baseline patterns for FI were broadly 
consistent with those observed using PF, and we not-
ed substantial concordance between the 2 measures 
in both the first and final assessments (Appendix 
Table 3, 4). The distribution of respiratory infection 
subtypes was similar across frailty groups, regardless 
of the assessment tool or time point (Appendix Figure 
2). A comparison of participants with and without 
follow-up data revealed statistically significant but 
clinically modest differences, suggesting a low risk 
for meaningful selection bias (Appendix Table 5).

Incident RIDs HRs Associated with Frailty
During a mean follow-up of 13.79 years in the first as-
sessment, a total of 44,108 cases of incident RIDs were 
recorded. In fully adjusted models, both frailty mea-
sures showed a dose-dependent increase in RID risk. 
For PF, adjusted HR for the prefrail group was 1.32 
(95% CI 1.30–1.35) and for the frail group adjusted HR 
was 2.01 (95% CI 1.92–2.10). For FI, the corresponding 
HR for the prefrail group was 1.50 (95% CI 1.47–1.53) 
and for the frail group was 2.29 (95% CI 2.22–2.37) 
(Table 2).

We observed similar trends in the final assess-
ment cohort. Mean follow-up was 9.58 years, dur-
ing which 1,189 incident RIDs cases were reported. 
PF-based HR was 1.17 (95% CI 1.04–1.33) for prefrail 
group and 2.27 (95% CI 1.75–2.95) for the frail group. 
FI-based HR was 1.28 (95% CI 1.13–1.45) for the pre-
frail group and 2.59 (95% CI 2.10–3.19) for the frail 
group (Table 3). Kaplan-Meier and restricted cubic 
spline analyses further supported those associations 
(Appendix Figures 3–6).

Associations of Frailty Trajectory with RIDs
In the analysis of associations between FI trajecto-
ries and RIDs, we noted substantially higher risks 
among the maintained prefrailty (HR  1.39 [95% CI 
1.20–1.61]), aggravation of prefrailty (HR 2.63 [1.95–

3.55]), alleviation of frailty (HR 1.51 [1.09–2.11]), and 
maintained frailty (HR 2.55 [1.94–3.35]) subgroups. 
We also observed similar increases in risk in OALRTI 
and pneumonia, particularly in the aggravation of 
prefrailty and maintained frailty groups, where the 
risk increased by 2.55–2.92 times (Figure 1).

In the analysis of associations between PF trajec-
tories and RIDs, we designated nonfrail as the refer-
ence group. For RIDs, we noted substantial increases 
in risk for the maintained prefrailty (HR 1.45 [95% CI 
1.24–1.71]), aggravation of prefrailty (HR 2.31 [1.66–
3.20]), and maintained frailty (HR  4.16 [2.65–6.52]) 
subgroups. We observed similar patterns for OALRTI 
and pneumonia (Figure 2).

Restricted cubic spline curves showed a statis-
tically significant U-shaped relationship between 
frailty changes and RIDs risk (overall p<0.0001, non-
linearity p<0.01). Specifically, persons with deterio-
rating frailty trajectories (ΔFI or ΔPF >0) exhibited 
statistically significant and sharp increases in RIDs 
risk compared with those with stable frailty status 
(ΔFI or ΔPF = 0) (Figure 3).

Additional Analyses
We noted similar effects in subgroup analyses (Ap-
pendix Tables 6–9) as on the main results. Frailty 
showed a stronger association with the risk for in-
cident RIDs in persons >65 years of age and in fe-
male populations. To avoid the possibility of reverse 
causation and effects of the COVID-19 pandemic on 
RIDs, we conducted sensitivity analyses that exclud-
ed cases with study outcomes <2 years of follow-up 
or cases that occurred after 2020 (Appendix Table 
10). We also analyzed the relationship between 
frailty and deaths caused by RIDs in subgroups and 
noted slightly lower HR estimates in the competing 
risk model, but estimates remained robust (Appen-
dix Table 11).

Discussion
In this large prospective cohort study, both base-
line frailty and worsening frailty trajectories were 
associated with higher risk for RIDs. Those find-
ings support frailty as a dynamic marker of vulner-
ability for identifying populations at elevated risk 
for RIDs. 

Previous studies explored the relationship be-
tween frailty and some RIDs, proving that frailty 
was closely related to RIDs occurrences (18,19). 
For example, a recent systematic review and meta-
analysis focused on patients >60 years of age with 
pneumonia found that frailty was common (inci-
dence rate of 49%) and greatly increased risk for 
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death (odds ratio [OR] 3.51) and readmission (20). 
However, that study used a single point in time for 
frailty assessment, without considering the dynam-
ic changes in frailty status. A prospective cohort 
study exploring the relationship between influenza 
and frailty found no association between influenza 
and frailty phenotype (OR 0.50) (21). However, that 
study had a small (n = 1,135) sample size and in-
cluded persons >50 (median 67.5) years of age from 
the community, which might have underestimat-
ed the long-term association between frailty and  
influenza risk. That underestimation could result 
from potential underdetection of influenza cases, 
particularly milder or asymptomatic cases among 

frailer persons who might not have sought test-
ing. Another study found that frailty was a pre-
dictive factor for poor recovery in patients >65 
years of age hospitalized with acute respiratory 
diseases (OR 0.70–0.75) (22), but it only used data 
from the 2011–12, 2012–13, and 2013–14 influenza 
seasons, which limited the generalizability of the 
conclusions. In contrast, using a large sample size,  
long-term follow-up, and multidimensional assess-
ments (PF and FI), our study revealed the indepen-
dent associations of frailty and its changing trajec-
tory on the risk for RIDs. For participants stratified 
by FI, prefrail persons had 1.50 times higher risk 
for RIDs and frail groups had 2.29 times higher risk 

 
Table 2. Hazard ratios of incident RIDs in first assessment of association of frailty and frailty trajectory with risk for RIDs* 

Category Events/no. participants 
Model 1 

 
Model 2 

HR (95% CI) p value HR (95% CI) p value 
Grouped by physical frailty       
 Nonfrail 23,081/269,882 Referent   Referent  
 Prefrail 18,834/144,734 1.51 (1.48–1.54) <0.001  1.32 (1.30–1.35) <0.001 
 Frail 2,193/9,075 2.93 (2.81–3.06) <0.001  2.01 (1.92–2.10) <0.001 
 Per 1-point increase  1.41 (1.39–1.42) <0.001  1.26 (1.24–1.27) <0.001 
Grouped by frailty index       
 Nonfrail 19,181/253,296 Referent   Referent  
 Prefrail 19,014/144,591 1.68 (1.65–1.71) <0.001  1.50 (1.47–1.53) <0.001 
 Frail 5,913/25,804 3.02 (2.93–3.11) <0.001  2.29 (2.22–2.37) <0.001 
 Per 0.1-point increase  1.64 (1.62–1.66) <0.001  1.47 (1.45–1.49) <0.001 
RID subgroups       
 Influenza       
  Grouped by physical frailty       
   Nonfrail 1,209/269,882 Referent   Referent  
   Prefrail 931/144,734 1.42 (1.30–1.55) <0.001  1.30 (1.19–1.42) <0.001 
   Frail 132/9,075 3.18 (2.65–3.80) <0.001  2.44 (2.02–2.95) <0.001 
   Per 1-point increase  1.39 (1.33–1.46) <0.001  1.29 (1.23–1.36) <0.001 
  Grouped by frailty index       
   Nonfrail 1,054/253,296 Referent   Referent  
   Prefrail 924/144,591 1.51 (1.38–1.65) <0.001  1.41 (1.29–1.54) <0.001 
   Frail 291/25,804 2.64 (2.31–3.00) <0.001  2.19 (1.90–2.51) <0.001 
   Per 0.1-point increase  1.52 (1.44–1.59) <0.001  1.41 (1.34–1.49) <0.001 
 OALRTI       
  Grouped by physical frailty       
   Nonfrail 13,070/269,882 Referent   Referent  
   Prefrail 10,308/144,734 1.44 (1.40–1.48) <0.001  1.27 (1.24–1.30) <0.001 
   Frail 1,131/9,075 2.52 (2.37–2.68) <0.001  1.78 (1.67–1.90) <0.001 
   Per 1-point increase  1.34 (1.33–1.36) <0.001  1.21 (1.19–1.23) <0.001 
  Grouped by frailty index       
   Nonfrail 10,595/253,296 Referent   Referent  
   Prefrail 10,677/144,591 1.70 (1.66–1.75) <0.001  1.54 (1.49–1.58) <0.001 
   Frail 3,237/25,804 2.89 (2.78–3.01) <0.001  2.26 (2.17–2.36) <0.001 
   Per 0.1-point increase  1.62 (1.59–1.64) <0.001  1.47 (1.44–1.49) <0.001 
 Pneumonia       
  Grouped by physical frailty       
   Nonfrail 11,221/269,882 Referent   Referent  
   Prefrail 10,204/144,734 1.66 (1.62–1.71) <0.001  1.43 (1.39–1.47) <0.001 
   Frail 1,370/9,075 3.70 (3.50–3.92) <0.001  2.39 (2.25–2.53) <0.001 
   Per 1-point increase  1.52 (1.50–1.54) <0.001  1.34 (1.32–1.36) <0.001 
  Grouped by frailty index       
   Nonfrail 9,413/253,296 Referent   Referent  
   Prefrail 9,940/144,591 1.73 (1.68–1.78) <0.001  1.52 (1.47–1.56) <0.001 
   Frail 3,442/25,804 3.39 (3.26–3.53) <0.001  2.45 (2.35–2.56) <0.001 
   Per 0.1-point increase  1.73 (1.70–1.76) <0.001  1.51 (1.49–1.54) <0.001 
*Data from UK Biobank (https://www.ukbiobank.ac.uk) collected during 2006–2010. Model 1 is adjusted for age and sex; model 2 is adjusted for all 
covariates. HRs and 95% CIs were estimated using Cox proportional hazards models. A 2-sided p<0.05 was considered statistically significant. FI, frailty 
index; HR, hazard ratio; OALRTI, other acute lower respiratory tract infection; PF, physical frailty; RID, respiratory infectious disease. 
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compared with the nonfrail group. In the analysis of 
associations between FI trajectories and RIDs, risks 
substantially increased in the maintained prefrailty 
(HR 1.39), aggravation of prefrailty (HR 2.63), alle-
viation of frailty (HR 1.51), and maintained frailty 
(HR 2.55) groups. The results grouped according to 
PF were similar. Our study not only validated the 
role of frailty as a static risk factor but also quanti-
fied the cumulative effect of its dynamic changes 
on infection.

Previous studies have relied mainly on single 
point-of-time assessments of degeneration, failing to 

capture the dynamic evolution of degeneration and its 
cumulative biologic effects. Persons can gradually fall 
into a state of frailty, which can lead to adverse health 
outcomes, including cardiovascular disease, depres-
sion, and all-cause deaths (23–25). However, few stud-
ies have examined the relationship between dynamic 
changes in frailty and RIDs. Our study integrates lon-
gitudinal frailty trajectories and demonstrates that the 
maintenance or aggravation of frailty status can inde-
pendently predict the long-term risk for RIDs. 

Unlike previous research limited to static frailty 
assessments, our repeated measurements revealed 

 
Table 3. Hazard ratios of incident RIDs in final assessment of association of frailty and frailty trajectory with risk for RIDs* 

Category Events/no. participants 
Model 1 

 
Model 2 

HR (95% CI) p value HR (95% CI) p value 
Grouped by physical frailty       
 Nonfrail 462/8,089 Referent   Referent  
 Prefrail 655/8,350 1.28 (1.14–1.45) <0.001  1.17 (1.04–1.33) 0.011 
 Frail 72/409 3.04 (2.37–3.90) <0.001  2.27 (1.75–2.95) <0.001 
 Per 1-point increase  1.36 (1.27–1.46) <0.001  1.25 (1.17–1.35) <0.001 
Grouped by frailty index       
 Nonfrail 573/10,424 Referent   Referent  
 Prefrail 495/5,794 1.44 (1.27–1.62) <0.001  1.28 (1.13–1.45) <0.001 
 Frail 121/630 3.31 (2.72–4.03) <0.001  2.59 (2.10–3.19) <0.001 
 Per 0.1-point increase  1.66 (1.53–1.80) <0.001  1.48 (1.36–1.62) <0.001 
RID subgroups       
 Influenza       
  Grouped by physical frailty       
   Nonfrail 9/8,089 Referent   Referent  
   Prefrail 20/8,350 2.04 (0.92–4.50) 0.078  1.81 (0.81–4.05) 0.146 
   Frail 2/409 4.04 (0.87–18.81) 0.075  2.36 (0.45–12.47) 0.312 
   Per 1-point increase  1.38 (0.96–1.98) 0.079  1.20 (0.79–1.80) 0.382 
  Grouped by frailty index       
   Nonfrail 18/10,424 Referent   Referent  
   Prefrail 9/5,794 0.85 (0.38–1.91) 0.696  0.73 (0.32–1.65) 0.443 
   Frail 4/630 3.35 (1.12–9.98) <0.05  2.09 (0.63–6.95) 0.228 
   Per 0.1-point increase  1.82 (1.15–2.90) <0.05  1.53 (0.94–2.50) 0.087 
 OALRTI       
  Grouped by physical frailty       
   Nonfrail 242/8,089 Referent   Referent  
   Prefrail 301/8,350 1.12 (0.94–1.33) 0.194  1.03 (0.86–1.22) 0.760 
   Frail 28/409 2.13 (1.44–3.16) <0.001  1.64 (1.09–2.48) <0.05 
   Per 1-point increase  1.22 (1.10–1.36) <0.001  1.14 (1.02–1.27) 0.024 
  Grouped by frailty index       
   Nonfrail 278/10,424 Referent   Referent  
   Prefrail 233/5,794 1.40 (1.18–1.67) <0.001  1.28 (1.07–1.53) 0.007 
   Frail 60/630 3.29 (2.49–4.36) <0.001  2.77 (2.06–3.73) <0.001 
   Per 0.1-point increase  1.63 (1.45–1.83) <0.001  1.51 (1.32–1.71) <0.001 
 Pneumonia       
  Grouped by physical frailty       
   Nonfrail 247/8,089 Referent   Referent  
   Prefrail 408/8,350 1.47 (1.26–1.73) <0.001  1.34 (1.14–1.58) <0.001 
   Frail 53/409 4.12 (3.06–5.55) <0.001  2.96 (2.16–4.05) <0.001 
   Per 1-point increase  1.53 (1.40–1.67) <0.001  1.39 (1.27–1.52) <0.001 
  Grouped by frailty index       
   Nonfrail 320/10,424 Referent   Referent  
   Prefrail 312/5,794 1.58 (1.35–1.84) <0.001  1.38 (1.17–1.62) <0.001 
   Frail 76/630 3.53 (2.75–4.55) <0.001  2.67 (2.04–3.50) <0.001 
   Per 0.1-point increase  1.73 (1.56–1.92) <0.001  1.52 (1.35–1.70) <0.001 
*Data from UK Biobank (https://www.ukbiobank.ac.uk) collected during 2012–2013. Model 1 is adjusted for age and sex; model 2 is adjusted for all 
covariates. HRs and 95% CIs were estimated using Cox proportional hazards models. A 2-sided p<0.05 was considered statistically significant. FI, frailty 
index; HR, hazard ratio; OALRTI, other acute lower respiratory tract infection; PF, physical frailty; RID, respiratory infectious disease. 
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dynamic frailty patterns. Those findings emphasize 
that aggravation or maintenance of frailty were key 
predictors of RIDs risk, and that RIDs risk increased 
with worsening frailty trajectories. In addition, we 
found a U-shaped association between the annual 
rate of frailty progression (ΔFI or ΔPF) and suscep-
tibility to RIDs, indicating that worsening frailty rap-
idly increases the risk for RIDs. Furthermore, we not-
ed a higher risk for RIDs among participants whose 
frailty metrics improved. 

Frailty is a multidimensional syndrome, in which 
a person’s overall health status might not fully re-
cover to nonfrailty levels, and certain subclinical 
states (such as chronic inflammation or metabolic dis-
orders) might persist, resulting in a continued high 
risk for infection. We found that for every 0.1-point 
increase in FI per year, the risk for RIDs increased by 
47%, and for every 1-point increase in PF per year, the 
risk increased by 26%. When conducting subgroup 
analyses, we found that for every 0.1-point increase 
in FI per year, the risk for influenza increased by 41%, 
OALRTI by 47%, and pneumonia by 51%; for every 
1-point increase in PF per year, the risk for influenza 
increased by 29%, OALRTI by 21%, and pneumonia 
by 34%. The final assessment of frailty also showed 

similar outcomes. Those findings emphasize the val-
ue of continuous monitoring of frailty, especially in 
prefrail populations.

Several FI components, such as low physical 
activity and fatigue, are potential independent risk 
factors for respiratory infection and illness sever-
ity. However, frailty should not be viewed as a 
simple repetition of conventional epidemiologic 
risk factors because it reflects cumulative declines 
in physiologic reserve and multisystem dysregu-
lation (5,9,12). In this study, we quantified vul-
nerability by using FI, which summarizes multi-
dimensional health deficits; moreover, frailty is 
considered a distinct clinical syndrome rather than 
a synonym for underlying conditions or disability 
(5,7). Even after adjusting for major confounders 
including age, sex, education, deprivation, smok-
ing, alcohol use, BMI, diet, sleep characteristics, 
and air pollution exposure, the association be-
tween frailty and RIDs remained evident, suggest-
ing that frailty could capture integrated suscepti-
bility beyond individual risk factors considered 
separately. At the same time, because some frailty 
components overlap with established infection- 
related risk factors, the independent causal  

Figure 1. Longitudinal baseline and follow-up associations of frailty index with risk for RIDs. Forest plots show the trajectory of frailty 
index associated with incident RIDs (A), influenza (B), OALRTI (C), and pneumonia (D). Squares indicate point estimates of HRs; error 
bars indicate 95% CI; dotted vertical lines indicate null effect. Analyses were adjusted for age, sex, ethnicity, education level, Townsend 
deprivation index, smoking status, alcohol consumption status, cumulative dietary risk factor score, PM2.5 (exposure to particulate matter 
<2.5 μm), nitrogen dioxide and nitrogen oxide levels, body mass index category, sleep duration, sleeplessness, and daytime dozing. HR, 
hazard ratio; OALRTI, other acute lower respiratory tract infection; RIDs, respiratory infectious diseases.
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contribution of frailty itself could not be fully dis-
entangled in this observational study.

Our research also found that participants >65 
years of age have a higher risk for developing RIDs 
because of prefrailty and frailty compared with per-
sons <65 years of age. Results of a previous study em-
phasized that frailty affects the susceptibility to and 
severity of pneumonia in persons >65 years of age 
(26), which is similar to our results. 

Mounting evidence suggests that acute influenza 
infection could have long-lasting health effects, and 
studies have shown that frailty is associated with poor 
recovery after hospitalization for influenza (22,27). 
Our study also showed that frailty increases the risk 
of developing influenza by 119%–144% compared 
with nonfrailty. Those findings further support pri-
oritizing vaccination-focused prevention among per-
sons with frailty, particularly in resource-constrained 
settings where preventive interventions must be tar-
geted efficiently.

Previous research has shown that frailty is as-
sociated with an increased risk for severe COV-
ID-19 outcomes, including hospitalization or death 
(28). Our study extends those findings by show-
ing that frailty was associated with a 1.29–2.20- 

fold increased risk for death from broader catego-
ries of RIDs. 

Frailty is associated with an exacerbated in-
flammatory state, which can impair immune func-
tion and increase susceptibility to respiratory infec-
tions (29). In addition, persons with frailty might 
be more likely to experience malnutrition, swal-
lowing difficulties, and other underlying condi-
tions (26), which could contribute to their suscepti-
bility to RIDs and support the need for nutritional 
and rehabilitation-based intervention as targets for  
future study. 

Although some factors associated with frailty, such 
as smoking and alcohol use, can be modified at the pa-
tient level, frailty is also shaped by broader social and 
environmental determinants, including socioeconomic 
disadvantage and environmental exposures (9,12). 
Thus, frailty should not be interpreted as a condition 
that can be readily prevented through patient-level be-
havioral advice alone. Accordingly, future prevention 
efforts should consider broader public health and so-
cial policy measures, such as strengthening nutritional 
support and reducing exposure to harmful environ-
ments, and specific measures would depend on local 
resources and policy conditions. 

Figure 2. Longitudinal baseline and follow-up associations of physical frailty with risk for RIDs. Forest plots show the trajectory of 
physical frailty associated with incident RIDs (A), influenza (B), OALRTI (C), and pneumonia (D). Squares indicate point estimates 
of HRs; error bars indicate 95% CI; dotted vertical lines indicate null effect. Analyses were adjusted for age, sex, ethnicity, education 
level, Townsend deprivation index, smoking status, alcohol consumption status, cumulative dietary risk factor score, PM2.5 (exposure to 
particulate matter <2.5 μm), nitrogen dioxide and nitrogen oxide levels, body mass index category, sleep duration, sleeplessness, and 
daytime dozing. HR, hazard ratio; OALRTI, other acute lower respiratory tract infection; RIDs, respiratory infectious diseases.
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From a public health perspective, our find-
ings demonstrate that vulnerable populations are 
at high risk for respiratory infections, and vaccina-
tion should be considered for this population. Fur-
thermore, measures such as nutritional support and 
physical rehabilitation could be potential interven-
tion targets, and those approaches might be better 
suited for exploration in select high-risk subgroups 
or demonstration projects. In that sense, our find-
ings are intended not to advocate the immediate 
broad rollout of all frailty-directed interventions but 
to provide an epidemiologic basis for risk stratifica-
tion so that preventive resources, including vaccina-
tion and other supportive strategies, can be more 
rationally prioritized.

The strengths of this study included a prospec-
tive design, a large sample size, dual-dimensional 
frailty assessment using PF and FI, and dynamic 
change analysis. The first limitation of this study 
is that unmeasured variables, such as genetic sus-
ceptibility or undiagnosed underlying conditions, 
might have led to residual confounding. Second, the 
baseline age range of the cohort was 37–73 years, 
and most participants were White, which limited 
the generalizability of the results to the entire popu-
lation. Third, recall bias might have affected some 

self-reported information, including parts of the 
PF assessment and all FI items. Fourth, outcomes 
on the basis of ICD coding might have underesti-
mated mild or unreported RIDs outcomes. Fifth, the 
UK Biobank did not have records for influenza and 
pneumonia vaccine administration, making analysis 
between the role of vaccination in frailty and RIDs 
impossible. Sixth, our models did not incorporate 
season-specific effects, and relying on time to first 
respiratory infection as the primary outcome could 
underestimate the true frequency and cumulative 
burden of recurrent respiratory infections. Finally, 
although we analyzed the frailty trajectory through 
longitudinal modeling, the evaluation interval 
might not have captured short-term fluctuations in 
frailty status. Future research should incorporate 
more frequent measurements of frailty and explore 
the mediating biologic mechanisms between frailty 
and respiratory infections, such as chronic inflam-
mation and immune dysregulation.

In summary, this study provides strong evidence 
that baseline and dynamic frailty substantially in-
crease the risk for RIDs. Our findings advocate for the 
inclusion of frailty screening as a preventive strategy 
for respiratory infections, especially in persons >65 
years of age.

Figure 3. Restricted cubic spline curves from linear regression analysis of frailty changes associated with risk for respiratory 
infectious diseases. A–D) Dose-response relationships of change in frailty index associated with incident respiratory infectious 
diseases (A), influenza (B), other acute lower respiratory tract infection (C), and pneumonia (D). E–H) Dose-response relationships 
of change in physical frailty associated with incident respiratory infectious diseases (E), influenza (F), other acute lower respiratory 
tract infection (G), and pneumonia (H). Blue lines indicate fitted HR curves; shading indicates 95% CI; horizontal dotted lines 
indicate HR of 1; vertical lines indicate 0 change. Analyses were adjusted for age, sex, ethnicity, education level, Townsend 
deprivation index, smoking status, alcohol consumption status, cumulative dietary risk factor score, PM2.5 (exposure to particulate 
matter <2.5 μm), nitrogen dioxide and nitrogen oxide levels, body mass index category, sleep duration, sleeplessness, and 
daytime dozing. HR, hazard ratio.
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Escalating antimicrobial resistance (AMR) in Neis-
seria gonorrhoeae poses a serious public health 

threat, undermining treatment and disease control 
strategies globally. In Australia, national sexually 
transmitted infection (STI) management guidelines 
recommend collection of gonococcal culture samples 
from all infected sites before antimicrobial treatment 
is initiated (1). The current recommended antimi-
crobial treatment for uncomplicated urogenital and 
anorectal gonorrhea is dual therapy, comprising cef-
triaxone (500 mg intramuscular injection) and oral 
azithromycin (1 g; 2 g if oropharyngeal infection) (1).

New South Wales (NSW), the most populous 
state in Australia, includes the city of Sydney with its 
≈8 million residents. NSW has a robust passive gono-
coccal surveillance program that routinely performs 
antimicrobial susceptibility testing (AST) on all cul-
tured gonococcal isolates collected across broad clini-
cal settings, including sexual health clinics, general 

practices, and hospitals. Cultured isolates that have 
undergone AST represent ≈27.0% of all gonorrhea 
notifications in the state and were obtained from a 
diverse range of persons. In other surveillance pro-
grams, collection of gonococcal isolates can be limited 
by use of quotas, sentinel sites, and designated collec-
tion periods each year (2–6).

NSW’s comprehensive surveillance program 
makes it a key contributor to national monitor-
ing. In 2024, the national proportion of gonococcal 
isolates with decreased susceptibility (DS) (MIC 
>0.125 mg/L) to ceftriaxone was 0.5% (55/10,702), 
representing a substantial increase from 2023 (0.2% 
22/10,105); of the 2024 isolates, 40% (22/55) were 
reported from NSW (7). Similarly, gonococci with 
azithromycin high-level resistance (HLR) have 
shown increasing numbers: 9 notifications in 2022, 27 
in 2023, and 46 in 2024; most (26/46 [57%]) of those 
isolates were from NSW (7). 
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Antimicrobial-resistant Neisseria gonorrhoeae poses a 
serious public health threat. In Australia, N. gonorrhoeae 
isolates with ceftriaxone MICs >0.125 mg/L or azithromy-
cin MICs >256 mg/L required follow-up by public health 
officials. Odds of culture-positive notifications meet-
ing those criteria increased from 2017–2019 (n = 11) to 
2022–2024 (n = 94) (odds ratio 8.58 [95% CI 4.81–17.0]). 
Local acquisition was frequent (78.7%). Isolates with de-
creased ceftriaxone susceptibility were more common in 
female and heterosexual patients than were isolates with  

high-level azithromycin resistance. We identified 9 ge-
nomically linked clusters (<15 single-nucleotide polymor-
phisms), 3 with sizable clonal expansion. Initial test of 
cure was negative for 81/94 (86.2%) 2022–2024 cases; 
of the rest, 9 cases had no follow-up visits, 2 were rein-
fected, and 2 failed initial treatment. Improving follow-up 
and reporting of treatment failure would strengthen case 
management protocols. Culture-based diagnostics remain 
essential to detect antimicrobial resistance, inform surveil-
lance, and curb the rising resistance trend.
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The increasing reports of gonococci resistance, par-
ticularly in NSW, underscore the need for enhanced 
knowledge in local epidemiology and transmission 
networks. We conducted a retrospective observational 
study integrating AMR data, case investigations, and 
genomic analyses to provide a comprehensive picture 
of antimicrobial-resistant gonorrhea of public health 
concern in NSW. Drawing on intelligence about intro-
duced and locally circulating strains across population 
groups, this study aimed to provide evidence to sup-
port updates to gonorrhea treatment guidelines and 
strengthen public health response procedures.

Methods

Gonococcal Surveillance Program
In NSW, gonorrhea is a notifiable condition under the 
Public Health Act 2010; confirmed cases require de-
tection of N. gonorrhoeae by nucleic acid amplification 
test (NAAT), isolation by culture, or both. All cultured 
isolates are referred to the World Health Organization 
(WHO) Collaborating Centre for Sexually Transmitted 
Infections and Antimicrobial Resistance at the NSW 
Health Pathology Laboratory (Randwick, NSW, Aus-
tralia) for confirmation of identification and AST. We 
performed AST using Etest gradient diffusion strips 
(bioMérieux, https://www.biomerieux.com) to deter-
mine MIC values reported in accordance with Clinical 
and Laboratory Standards Institute breakpoints (8) N. 
gonorrhoeae isolates with ceftriaxone DS (MIC >0.125 
mg/L) or azithromycin HLR (MIC >256 mg/L) or 
both are designated as being of public health concern 
(PHC) and prompt a public health response (9). The 
managing clinician is responsible for patient recall, 
treatment, provision of enhanced surveillance data, 
and contact tracing (10). The contact tracing lookback 
period is 2 months before symptom onset or before 
date of diagnosis for asymptomatic patients. Clinicians 
are advised to recall the patient for test of cure (TOC) 
by NAAT, collecting a swab from each site of infection 
(genitourinary, rectal, pharyngeal) 2 weeks after treat-
ment completion to detect treatment failure, emerging 
resistance, or reinfection.

Twelve public and private laboratories support 
gonorrhea surveillance by providing aggregate annual 
gonorrhea testing data from NAAT and culture. Those 
laboratories are estimated to account for 88.0% of all 
gonorrhea testing in NSW, ensuring comprehensive 
monitoring of diagnostic activity across the state.

Case Identification and Statistical Analysis
We extracted cases of antimicrobial-resistant gon-
orrhea of PHC notified during January 1, 2022– 

December 31, 2024, from the NSW Notifiable Condi-
tions and Information Management System (NCIMS). 
We also extracted historic notifications for chlamydia, 
gonorrhea, and syphilis that shared the unique per-
son identifier with an AMR notification. We derived 
sexual risk group from sex at birth and reported 
sexual exposures during the exposure period; we 
classified cases in men who reported sex with men 
only as men who have sex with men (MSM), cases in 
men who reported sex with both sexes as bisexual, 
and cases in men and women who reported sex only 
with the opposite sex as heterosexual. We categorized 
country of acquisition of infection in accordance with 
WHO region (11). To examine changes in notification 
patterns over time, we compared data for 2017–2019 
(pre–COVID-19 pandemic) and 2022–2024 (post– 
COVID-19 pandemic). We compared the characteris-
tics of notifications identified as ceftriaxone DS with 
notifications of azithromycin HLR. We used Fisher 
exact and Wilcoxon rank-sum test to test significance 
of comparisons; we chose a 2-sided α of p<0.05 as the 
threshold for statistical significance. We analyzed epi-
demiologic data using R version 4.4.1 (The R Project 
for Statistical Computing, https://www.r-project.
org), ggplot version 3.5.1 (https://github.com/ti-
dyverse/ggplot2), and gtsummary version 2.0.2 
(https://github.com/ddsjoberg/gtsummary).

Whole-Genome Sequencing
We sent all isolates of PHC for whole-genome se-
quencing (WGS) using an Illumina platform (https://
www.illumina.com) at NSW Health Pathology (Cam-
perdown, NSW, Australia). We used the constructed 
assemblies to define AMR genes and multilocus se-
quence types (ST) (12). We excluded 1 isolate that did 
not meet quality metrics. We conducted a network 
analysis of the mapped single nucleotide matrix 
against reference isolate FA1090 (GenBank accession 
no. NC_002964.2) using the R packages tidygraph 
version 1.3.1 (https://github.com/thomasp85/ti-
dygraph) and ggraph version 2.2.1 (https://github.
com/thomasp85/ggraph) to explore associations 
between isolates using a single-nucleotide polymor-
phism maximum threshold of 15.

Ethics approval for this investigation was not re-
quired because it was undertaken for purposes un-
der the provisions of the Public Health Act 2010 as 
part of routine public health surveillance and report-
ing under the governance of Health Protection NSW. 
No additional data were collected for the purpose of 
this report, and no personal identifiable data were 
included. We managed data in accordance with the 
National Health and Medical Research Council’s 
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Ethical Considerations in Quality Assurance and 
Evaluation Activities (13).

Results
During 2022–2024, gonorrhea notifications increased 
36.5%, from 10,288 to 14,045, whereas gonorrhea test-
ing increased 13.1% from 775,161 to 876,447 (Table 
1). The percentage of gonorrhea notifications accom-
panied by positive culture remained relatively stable 
at 27.0%, with a slight predominance in male (28.1%) 
versus female (22.6%) patients. Of the 9,941 culture-
positive notifications, 94 (0.9%) met the definition of 
PHC, an overall increase from 0.5% to 1.3%, although 
the trend was not linear (Table 1). For comparison, in 
the prepandemic period before the study (2017–2019), 
such notifications were rare; 11 were reported, 4 of 
ceftriaxone DS and 7 azithromycin HLR (Table 2). The 
rise to 1.3% cases of PHC was accompanied by a mark-
edly higher likelihood that culture-positive gonorrhea 
notifications in 2022–2024 met the definition for an 
AMR notification of PHC, compared with those from 
2017–2019 (odds ratio 8.58, 95% CI 4.81–17.0; p<0.001). 
No cases of combined resistance (ceftriaxone DS and 
azithromycin HLR) were notified in the study period.

Case Characteristics
Most (74/94 [78.7%] cases) of the notifications of anti-
microbial-resistant gonorrhea of PHC were acquired 
in Australia (Figure 1). Of those, 40 were notified in 
2024. The remaining cases were acquired overseas 
from countries in the Western Pacific (n = 9), the 
Americas (n = 6), Europe (n = 3), and Africa (n = 1) 
WHO regions.

Case Comparison by AMR Profile
We detected notable differences between the ceftri-
axone DS and azithromycin HLR groups (Table 3). 

The ceftriaxone DS group had a greater percentage 
of female patients (31.5% vs. 2.5%; p<0.001) and per-
sons who reported heterosexual exposures (72.2% vs. 
5.0%, p<0.001), compared with the azithromycin HLR 
group. Most cases acquired their infection in Australia 
(85.2%); however, overseas acquisition, when report-
ed, occurred exclusively in the Western Pacific region 
(13.0%). Cases were evenly distributed between sexual 
health clinics (51.9%) and general practice (40.7%); the 
remaining 7.4% were diagnosed in hospitals.

In contrast, case-patients with azithromycin HLR 
were predominantly male (97.5% vs. 68.5% cases 
with ceftriaxone DS; p<0.001) and reported sexual 
exposures with men only (MSM) (87.5% vs. 25.9%; 
p<0.001). Previous STIs were more common in this 
group (70.0% vs. 35.2%; p<0.002), and of persons with 
a previous STI, the median was 4 versus 2 infections 
for ceftriaxone DS (p = 0.11). Infection site distribution 
also differed between those with azithromycin HLR 
and ceftriaxone DS (p<0.001). Azithromycin HLR 
cases were more evenly distributed across infection 
sites: rectal (37.5%), genitourinary tract (35.0%,) and 
pharynx (20.0%), whereas the genitourinary tract was 
most common (81.5%) in the ceftriaxone DS group, 
followed by pharynx (7.4%), rectal (5.6%), and eye 
(1.9%) specimens. Source of infection was predomi-
nantly within Australia (70.0%); however, overseas 
acquisition also occurred across multiple WHO re-
gions: Europe (n = 6), the Americas (n = 3), Africa (n = 
1), and the Western Pacific (n = 1). Where known, the 
median number of partners across the lookback pe-
riod was 5 for the azithromycin HLR group versus 1 
for the ceftriaxone DS group (p<0.001). Sexual-health 
clinics diagnosed 85.0% of cases.

Outcome of initial TOC did not differ between 
the ceftriaxone DS and azithromycin HLR groups; 
most returned a NAAT-negative result >2 weeks after 
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Table 1. Tests and notifications of Neisseria gonorrhoeae, New South Wales, Australia, 2022–2024* 

Characteristic 
No. (%) 

2022 2023 2024 Total 
All positive and negative test results† 775,161 (100) 868,741 (112.1)‡ 876,447 (113.1)‡ 2,520,349 (NA) 
All N. gonorrhoeae notifications§ 10,288 (100.0) 12,453 (100.0) 14,045 (100.0) 36,786 (100.0) 
 F 2,066 (20.1) 2,651 (21.3) 2,789 (19.9) 7,506 (20.4) 
 M 8,194 (79.6) 9,759 (78.4) 11,216 (79.9) 29,169 (79.3) 
N. gonorrhoeae notifications with positive culture§¶ 2,734 (26.6) 3,558 (28.6) 3,649 (26.0) 9,941 (27.0) 
 F  455 (22.0) 631 (23.8) 609 (21.8) 1,695 (22.6) 
 M  2,267 (27.7) 2,914 (29.9) 3,028 (27.0) 8,209 (28.1) 
N. gonorrhoeae AMR notifications of PHC# 29 (1.1) 17 (0.5) 48 (1.3) 94 (0.9) 
 F 6 (1.3) 3 (0.5) 9 (1.5) 18 (1.1) 
 M 23 (1.0) 14 (0.5) 39 (1.3) 76 (0.9) 
*AMR, antimicrobial resistance; NA, not applicable; PHC, public health concern. 
†Aggregate gonorrhea test results by nucleic acid amplification test and culture from 12 laboratories. Those laboratories account for an estimated 88.0% 
of all gonorrhea testing in New South Wales.  
‡Percentage calculated from baseline tests in 2022. 
§Includes persons whose sex was not reported. 
¶Percentage calculated from all N. gonorrhoeae notifications. 
#Percentage calculated from N. gonorrhoeae culture notifications. 
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treatment completion (81.5% ceftriaxone DS vs. 92.5% 
azithromycin HLR; p = 0.14). Both groups reported 
a small number of patients who returned a NAAT- 
positive result (2/54 vs. 2/40) (Table 3). In the ceftriax-
one DS group, 1 case-patient with a genitourinary in-
fection tested NAAT positive on the initial TOC from 
the same site but subsequently tested NAAT negative 
after a repeat round of dual therapy. Both isolates 
were identical on genomic analysis. Another case-
patient with a genitourinary infection underwent mul-
tisite screening for the initial TOC and tested NAAT 
positive on the pharyngeal swab specimen but cleared 
the infection with repeat dual therapy with increased 
azithromycin (2 g orally). Unfortunately, no culture 
nor genomics were performed. In the azithromycin 
HLR group, 2 patients were believed to be reinfected 
based on patient history.

Genomic Analysis and Clustering of Isolates
Of the 94 isolates, 93 met the quality mapping criteria. 
Azithromycin HLR was associated with the A2059G 
mutation in the 23S rRNA gene in 39/40 (97.5%) cas-
es, whereas ceftriaxone DS was linked to the presence 
of the penA-60.001 allele in 24/53 (45.0%) cases. We 

noted 17 distinct multilocus ST with evidence of clon-
al expansion across the 3 years (Figure 2).

We identified 9 clusters on the basis of network 
analysis using a threshold of <15 single-nucleotide 
polymorphisms (Table 4; Figure 2). We identified 
2 large ceftriaxone DS clusters, 1 of sequence type 
(ST) 7827, consisting of 13 cases (22CRO-1), all lo-
cally acquired; 5 case-patients reported recent links 
to commercial sex work. The cluster was predomi-
nantly (92.0%) heterosexual, with 5 female and 8 male 
case-patients. After that local spread, the clone was 
infrequently detected after 2022. Subsequent ceftriax-
one DS isolates in 2023–2024 were of greater concern 
because 22/28 cases harbored the penA-60.001 allele. 
Two clusters were detected in 2024. The largest clus-
ter consisted of 5 ST1901 infections in heterosexual 
cases that were all locally acquired; 2 case-patients 
reported links to sex work. In contrast, the ST9903 
cluster consisted of 3 MSM, 1 of whom acquired the 
infection in Cambodia. Those cases were diagnosed 
within a small geographic area.

We detected 2 separate but connected ST11200 
clusters, 24AZ-1 (n = 13) and 24AZ-2 (n = 4), in the 
azithromycin HLR notifications. All cases were  
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Table 2. Tests and notifications of Neisseria gonorrhoeae, New South Wales, Australia, 2017–2019* 

Characteristic 
No. (%) 

2017 2018 2019 Total 
All positive and negative test results† 903,272 (100) 934,944 (103.5)‡ 969,429 (107.3)‡ 2,807,645 (NA) 
All N. gonorrhoeae notifications§ 9,192 (100.0) 10,529 (100.0) 11,671 (100.0) 31,392 (100.0) 
 F 1,512 (16.4) 1,904 (18.10) 2,397 (20.5) 5,813 (18.5) 
 M 7,644 (83.2) 8,588 (81.60) 9,232 (79.1) 25,464 (81.1) 
N. gonorrhoeae notifications with positive culture§¶ 2,812 (30.6) 3,305 (33.3) 3,583 (30.7) 9,700 (31.5) 
 F 368 (24.3) 515 (27.0) 544 (22.7) 1,427 (24.5) 
 M 2,427 (31.8) 2,979 (34.7) 3,027 (32.8) 8,433 (33.1) 
N. gonorrhoeae AMR notifications of PHC# 3 (0.1) 4 (0.1) 4 (0.1) 11 (0.1) 
 F 0 1 (0.2) 0 1 (0.1) 
 M 3 (0.1) 3 (0.1) 4 (0.1) 10 (0.1) 
*AMR, antimicrobial resistance; NA, not applicable; PHC, public health concern. 
†Aggregate gonorrhea test results by nucleic acid amplification test and culture from 12 laboratories. Those laboratories account for an estimated 88.0% 
of all gonorrhea testing in New South Wales. 
‡Percentage calculated from baseline N. gonorrhoeae tests in 2017. 
§Includes persons whose sex was not reported. 
¶Percentage calculated from all N. gonorrhoeae notifications. 
#Percentage calculated from N. gonorrhoeae culture notifications. 

 

Figure 1. Epidemiologic curve 
of notifications of antimicrobial-
resistant Neisseria gonorrhoeae 
of public health concern, New 
South Wales, Australia, 2022–
2024. Shading indicates type of 
resistance and acquisition source. 
DS, decreased susceptibility; 
HLR, high-level resistance. 
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locally acquired except for 1 from China. All 17 case-
patients were male, 88.2% MSM and 11.7% bisexual. 
Two reported attendance at sex on premises venues, 
and 1 had links to sex work. We observed 2 addi-
tional clusters, 22AZ-1 ST9363 in 2 MSM cases, both  

overseas acquired in South America, and 23AZ-1 
ST11200 in 2 MSM cases acquired locally.

Genomics linked 46 (49.5%) of 93 notifications. 
In contrast, epidemiologic links were reported for 5 
(5.3%) of 94 notifications. Of note, 2 cases reported an  
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Table 3. Characteristics of antimicrobial-resistant Neisseria gonorrhoeae cases of public health concern, New South Wales, Australia, 
2022–2024* 
Characteristic Overall, N = 94 Ceftriaxone DS, n = 54 Azithromycin HLR, n = 40 p value 
Patient age at diagnosis, median (IQR) 33 (25–42) 36 (24–43) 30 (27–36) 0.12† 

Sex at birth    <0.001‡ 

 F 18 (19.1) 17 (31.5) 1 (2.5)  
 M 76 (80.9) 37 (68.5) 39 (97.5)  
Sexual risk group    <0.001‡ 
 Heterosexual 41 (43.6) 39 (72.2) 2 (5.0)  
 MSM 49 (52.1) 14 (25.9) 35 (87.5)  
 Bisexual 4 (4.3) 1 (1.9) 3 (7.5)  
Previous STI    <0.002‡ 
 Y 47 (50.0) 19 (35.2) 28 (70.0)  
 N 47 (50.0) 35 (64.8) 12 (30.0)  
Most recent previous STI occurrence§    0.7‡ 
 Co-infection 18 (38.3) 7 (36.8) 11 (39.3)  
 <1 y 22 (46.8) 8 (42.1) 14 (50.0)  
 >1 y 7 (14.9) 4 (21.1) 3 (10.7)  
 None 47 35 12  
No. previous STIs, median (IQR) 3 (1–5) 2 (1–4) 4 (2–6) 0.11‡ 
 Unknown 47 35 12  
Sex worker or client or SOPV attendance    0.13‡ 
 Yes 15 (16.0) 10 (18.5) 5 (12.5)  
 No 38 (40.4) 17 (31.5) 24 (60.0)  
 Unknown 41 (43.6) 27 (50.0) 14 (35.0)  
Signs and symptoms    0.095‡ 
 Symptomatic 63 (67.0) 38 (70.4) 25 (62.5)  
 Asymptomatic 24 (25.5) 10 (18.5) 14 (35.0)  
 Unknown 7 (7.4) 6 (11.1) 1 (2.5)  
Site of infection    <0.001‡ 
 Genitourinary tract 58 (61.7) 44 (81.5) 14 (35.0)  
 Rectal 18 (19.1) 3 (5.6) 15 (37.5)  
 Pharynx 12 (12.8) 4 (7.4) 8 (20.0)  
 Eye 1 (1.1) 1 (1.9) 0  
 Multiple sites 5 (5.3) 2 (3.7) 3 (7.5)  
Source of infection     <0.001‡ 
 Australia 74 (78.7) 46 (85.2) 28 (70.0)  
 Africa 1 (1.1) 0 1 (2.5)  
 Americas 6 (6.4) 0 6 (15.0)  
 Europe 3 (3.2) 0 3 (7.5)  
 Western Pacific 9 (9.6) 7 (13.0) 2 (5.0)  
 Unknown 1 (1.1) 1 (1.9) 0  
Partners within 2-month lookback     
 Total no. partners, median (IQR) 2 (1–5) 1 (1–2) 5 (2–9) <0.001‡ 
 Unknown 26 17 9  
Diagnosing facility    0.001‡ 
 General practice 28 (29.8) 22 (40.7) 6 (15.0)  
 Sexual health clinic 62 (66.0) 28 (51.9) 34 (85.0)  
 Hospital 4 (4.3) 4 (7.4) 0  
Locality    0.030‡ 
 Metropolitan 90 (95.7) 54 (100.0) 36 (90.0)  
 Regional 4 (4.3) 0 4 (10.0)  
Outcome of initial test of cure    0.14‡ 
 Negative 81 (86.2) 44 (81.5) 37 (92.5)  
 Positive 4 (4.3) 2 (3.7) 2 (5.0)  
 No follow-up visits 9 (9.6) 8 (14.8) 1 (2.5)  
*Values are no. (%) except as indicated. Ceftriaxone DS is defined as MIC >0.125 mg/L; azithromycin HLR is defined as MIC >256 mg/L. Bold text 
indicates statistical significance. DS, decreased susceptibility; HLR, high-level resistance; IQR, interquartile range; MSM, men who have sex with men; 
SOPV, sex on premises venue; STI, sexually transmitted infection. 
†By Wilcoxon rank-sum test. 
‡By Fisher exact test. 
§Categorizes the most recent STI occurrence. 
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epidemiologic link that was not confirmed by WGS. 
The discordance between genomic links and self-
reported epidemiologic links is not surprising, given 
the nature of self-reported participation in commercial 
sex work and attendance at sex on premises venues. 
Apart from a significantly higher proportion of lo-
cally acquired cases within clusters (42 [91.3%] vs. 32 
[66.7%] cases; p = 0.047), we determined no statistically 
significant differences in case characteristics between 
clustered and nonclustered cases (data not shown).

Discussion
Culture-positive notifications of gonorrhea with cef-
triaxone DS or azithromycin HLR were rare before  

the COVID-19 pandemic and increased notably post-
pandemic (2022–2024), highlighting a concerning 
upward trend. Of greater concern is that ≈80.0% of 
postpandemic antimicrobial-resistant gonorrhea no-
tifications were locally acquired; clusters arose infre-
quently from imported cases. That finding suggests 
that resistant gonococcal strains are actively circu-
lating in communities of sexually active persons in 
NSW; although clusters in the study were relatively 
small, there is a risk for future expansion. The risk 
is perhaps highest among heterosexual populations; 
the infection can remain asymptomatic in 80.0% of 
women (1), and STI testing rates are lower in het-
erosexual persons. Lifetime uptake of STI testing is 
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Figure 2. Phylogenetic tree 
and antimicrobial resistance 
network analysis from study of 
antimicrobial-resistant Neisseria 
gonorrhoeae of public health 
concern, New South Wales, 
Australia, 2022–2024. A) 
Phylogenetic tree and isolate 
data. Ninety-three of the 94 
isolates met the quality mapping 
criteria. B) Network analysis of 
cases with high-level resistance 
to azithromycin, with nodes 
colored according to acquisition 
source. C) Network analysis 
of cases with decreased 
susceptibility to ceftriaxone, 
with nodes colored according 
to acquisition source. Azi, 
azithromycin; CRO, ceftriaxone; 
DS, decreased susceptibility; 
HLR, high-level resistance; 
MLST, multilocus sequence type.
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12.8% in cisgender heterosexual male persons and 
15.4% in cisgender heterosexual females versus 38.8% 
in gay and bisexual and other MSM (GBMSM) and 
54.4% in sex workers (14). This concept is supported 
by a previous study in Australia that demonstrated 
N. gonorrhoeae genomic clusters with a higher ratio 
of women to men were more likely to persist com-
pared with clusters in GBMSM (15). Despite higher 
STI screening rates in GBMSM, the risk for gonorrhea 
infection and transmission remains high. Uptake of 
preexposure prophylaxis (PrEP) for HIV prevention 
among Sydney GBMSM has been substantial (34.9% 
in 2020 to 53.2% in 2024) (16); although evidence of 
whether PrEP leads to higher STI rates is mixed, data 
from the NSW GBMSM community suggests STIs 
were increasing before its introduction (17). Instead, 
the rise in multiple sex partners may be contribut-
ing to increased gonorrhea notifications; 26.4% of 
respondents reported sex with 6–20 men and 16.2% 
reported sex with >20 men in the 6 months before the 
Sydney GBQ+ Community Survey in 2024 (up from 
23.4% in the 6–20 group and 12.5% in the >20 group 
in 2020) (16). The observed increase in the percentage 
of GBMSM reporting multiple sexual partners in the 
community may have contributed to the expansion of 
24AZ-1 cluster, in which cases reported 1–30 contacts.

Although antimicrobial-resistant isolates of PHC 
in our study remain uncommon (<1.0% of culture-
positive N. gonorrhoeae notifications), that is likely to 
change with factors such as increased use of doxycy-
cline postexposure prophylaxis (doxy-PEP). In March 
2024, the Australia consensus statement on doxy-PEP 
to prevent syphilis, chlamydia, and gonorrhea among 
GBMSM was published, after a collaborative process 

involving community representatives and experts in 
clinical care, research, and public health (18). The state-
ment acknowledged that doxy-PEP was less likely to 
be effective for gonorrhea prevention because of high 
rates of tetracycline resistance in Australia gonococ-
cal isolates (2022–2024, 31.0%–45.0%; in NSW, 20.0%–
31.5%) (7,19,20). By 2025, data from the Sydney GBQ+ 
Community Survey reported 12.3% of respondents 
had used doxy-PEP <6 months before the survey for 
the prevention of bacterial STIs, predominantly syphi-
lis (21). Genomic analysis of antimicrobial-resistant 
gonococcal isolates indicates that mutations associated 
with tetracycline resistance are often co-selected along-
side mutations known to cause resistance to other an-
timicrobial drugs, which are spread throughout suc-
cessful clonal lineages (22). Therefore, strengthening 
AMR surveillance and TOC practices and document-
ing treatment failures are essential.

Although return for TOC was high in our study 
(86.2%), we found it concerning that 2 treatment fail-
ures were identified (both ceftriaxone DS cases: 1 
genitourinary and 1 pharyngeal). Standard operating 
procedures for management of treatment failures are 
essential to ensure consistent reporting of second-
round prescribing practices and appropriate refer-
ral of those culture-positive isolates for WGS. Where 
warranted, complex cases could be escalated to a clin-
ical expert group for specialized advice. Approaches 
to minimize patients who do not complete follow-up 
visits could include providing pathology requests, es-
pecially in general practice settings at the time of treat-
ment; offering self-collection swab kits; distributing  
patient information sheets; and ensuring services are 
provided at no cost to the patient. More broadly, we 
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Table 4. Summary of antimicrobial-resistant Neisseria gonorrhoeae cluster groups, New South Wales, Australia, 2022–2024* 

Cluster ID Size MLST 

penA 
allele 
type X23 rRNA 

Sex at birth, 
no. (%) 

Sexual risk 
exposure 

group, no. (%) 

Place of 
acquisition, 

no. (%) 

SW or client 
or SOPV, no. 

(%) 

Median no. 
contacts 
 (range) 

22AZ-1 2 9363 2.001 A2059G 2 M (100.0) 2 MSM (100.0) 2 OS (100.0) 0 Unknown 
23AZ-1 2 11200 2.001 A2059G 2 M (100.0) 2 MSM (100.0) 2 local (100.0) 0 2.5 (1–4) 
24AZ-1 13 11200 2.001 A2059G 13 M (100.0) 12 MSM (92.3), 

1 BI (7.7) 
13 local 
(100.0) 

2 (15.4) 3.5 (1–30) 

24AZ-2 4 11200 2.001 A2059G 4 M (100.0) 3 MSM (75.0), 
1 BI (25.0) 

3 local (75.0), 
2 OS (25.0) 

1 (25.0) 9.0 (1–15) 

22CRO-1 13 7827 13.001 NA 5 F (38.5), 8 
M (61.5) 

12 HET (92.3), 
1 MSM (7.7) 

13 local 
(100.0) 

5 (38.5) 1.0 (1–5) 

22CRO-2 2 15331 18.001 NA 2 M (100.0) 2 MSM (100.0) 2 local (100.0) 0 3.0† 
23CRO-3 2 15331 18.001 NA 2 M (100.0) 2 MSM (100.0) 2 local (100.0) 0 6.0† 
24CRO-1 5 1901 60.001 NA 2 F (40.0), 3 

M (60.0) 
5 HET (100.0) 5 local (100.0) 2 (40.0) 1.0 (1–2) 

24CRO-2 3 9903 60.001 NA 3 M (100.0) 3 MSM (100.0) 2 local (66.6) 0 1.5 (1–2) 
       1 OS (33.3   
Total 46 NA NA NA 7 F (15.2) 17 HET (37.0) 42 local (91.3) 10 (22.7) 2.0 (1–30) 
     39 M (84.8) 27 MSM (58.7), 

2 BI (4.3) 
4 OS (8.7)   

*BI, bisexual; HET, heterosexual; ID, identification; local, Australia acquisition; MLST, multilocus sequence type; MSM, men who have sex with men; 
NA, not applicable; OS, overseas acquisition; SOPV, sex on premises venue; SW, sex worker.  
†Median number of contacts (based on 1 available value). 
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recommend that national treatment guidelines are 
regularly reviewed in conjunction with local epide-
miology and WGS data.

AMR patterns in gonorrhea observed in NSW 
reflect global trends. The Western Pacific region is a 
recognized reservoir of gonococcal resistance; Cam-
bodia reported ceftriaxone DS rates of 31%–38%, 
Vietnam 27%–28%, and China 8%–9%, including 
≈25% in some provinces (23–28). Patient risk factors 
contributing to that resistance pattern are sparsely 
reported from these countries; however, a UK study 
found all of their local ceftriaxone DS cases were in 
heterosexuals and ≈90% of overseas acquired cases 
were associated with travel to the Western Pacific 
region or adjacent countries (29). In contrast, the epi-
demiology and geographic distribution of azithro-
mycin HLR seems less well defined, with multiple 
sustained transmission events reported across the 
Americas and Europe (30–33).

A limitation of our study was the lack of data on 
contact tracing outcomes and subsequent transmis-
sion. In NSW, contact tracing is the responsibility of 
the managing clinician, and most clinicians support 
patients to self-inform their contacts. Provider-initi-
ated contact tracing can be an alternative; however, 
potential drawbacks are privacy and confidentiality 
concerns and the potential to damage the patient-
provider relationship. Of interest, a public health–
led gonorrhea contact tracing intervention in Canada 
found that the provider-initiated method identified 
a significantly higher number of female than male 
cases during the intervention period (34). Unfortu-
nately, in our study, many cases reported anony-
mous contacts, making both methods ineffective to 
effectively curb transmission. Efforts would be bet-
ter focused on promoting diagnosis by culture, STI 
screening, improving sexual health education and 
awareness of antimicrobial resistance, and ensuring 
completion of TOC for all antimicrobial-resistant 
gonorrhea notifications of PHC.

Last, although national guidelines recommend 
collecting culture samples from all infected sites, not 
all notifications in NSW had a culture result. Culture 
success rates are greater for symptomatic infections, 
which have a higher bacterial load, than for asymp-
tomatic infections, and vary by site of infection (35). 
In addition, factors such as bacterial viability, swab 
technique, transport medium, and transport time all 
influence culture success. Although we did not have 
data on the number of cultures ordered in NSW, we 
do have data on the N. gonorrhoeae culture-positive 
rate. The culture rate from general practice is lower 
than from sexual health clinics (19.1% vs. 44.6%)  

(unpublished data from operational audit). Collec-
tively, those findings suggest that while culture col-
lection practices can be improved, achieving culture 
positivity for all notifications is not feasible.

In summary, notifications of antimicrobial- 
resistant gonorrhea of PHC are rapidly rising in Aus-
tralia and elsewhere. Where possible, culture-based 
surveillance with robust case management protocols 
remains the best approach to detect and minimize 
transmission of resistant gonococcal infection.
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Multidrug resistant (MDR) Enterobacterales 
bacteria have emerged as a serious public 

health threat. Of major concern is the increasing 
incidence of extended-spectrum cephalosporin re-
sistance (ESCR) in Enterobacterales. This resistance 
pattern is commonly associated with the production 
of extended-spectrum β-lactamases (ESBL), antimi-
crobial resistance genes (ARGs) carried on mobile 
genetic elements (MGEs) such as plasmids, which 
often carry other ARGs. The incidence of infections 
has increased dramatically during the past decade, 
reaching nearly 200,000 infections and >9,000 deaths 
per year in the United States (1). Although ESBL En-
terobacterales were once largely healthcare-associat-
ed pathogens, during the past 2 decades, most ESBL 
Enterobacterales infections have been caused by 

clinically and genetically distinct strains that have 
emerged in the community (2).

Adding to the complexity of this group of patho-
gens, the determinants of resistance yielding the 
ESCR phenotype might be chromosomal, transferable 
ARGs on MGEs, or contain both, and are often MDR. 
Invasive infections caused by community-acquired 
ESCR Enterobacterales strains are increasingly being 
reported in young children and persons without ma-
jor healthcare exposures (3,4). Of note, those strains 
are resistant to antimicrobial drugs that are uncom-
monly used in children; therefore, overuse is unlikely 
to be driving this resistance.

Factors promoting MDR and ESCR Enterobac-
terales acquisition and infection in the community 
are largely unknown. However, in households with 
an adult known to have acquired ESBL Enterobac-
terales from healthcare exposures, transmission in-
cidence has been described as upwards of 67% (5,6). 
Furthermore, in a multicenter investigation of MDR 
(primarily ESBL) Enterobacterales in children from 
Chicago, Illinois, USA, we found that MDR Entero-
bacterales acquisition reflected geographic cluster-
ing and lacked association with the factors driving  
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Community-acquired multidrug-resistant (MDR) Enterobac-
terales bacteria are an increasing public health concern, 
yet whether households play a role in community spread 
remains unclear. We investigated 150 households with chil-
dren in St. Louis, Missouri, USA, for MDR Enterobacterales. 
We cultured swab specimens from household members and 
environmental surfaces for identification and antimicrobial 
susceptibility testing. We also performed whole-genome 
sequencing in the 53 (35%) households where >1 MDR En-
terobacterales species were recovered. Enterobacter hor-
maechei predominated, followed by Klebsiella pneumoniae  

and Pantoea species. Whole-genome sequencing revealed 
closely related strains shared between persons and envi-
ronmental surfaces, suggesting potential intra-household 
transmission. We identified >1 horizontal gene transfer 
event between Enterobacterales genera within a house-
hold. On multivariable analysis, households that had chil-
dren attending daycare, a member with an ADHD diagno-
sis, and dog ownership were associated with increased 
odds of household MDR Enterobacterales colonization. 
Households likely serve as major contributors in acquisition 
and community spread of MDR Enterobacterales.



Role of Children in Spread of Enterobacterales

primary acquisition in adults (e.g., antimicrobial drug 
and healthcare exposures) (7,8). We also found that, 
compared with antimicrobial-sensitive Enterobacte-
rales infections in children, blaCTX-M-9–type ESBL En-
terobacterales infections were nearly 5 times more 
likely to be community-acquired (8). To devise strat-
egies to prevent community-acquired MDR Entero-
bacterales infections, we must first understand key 
reservoirs for acquisition, including sources of trans-
mission outside of healthcare settings, the role of the 
natural and built environment in pathogen transmis-
sion, and epidemiologic factors associated with com-
munity-acquired MDR Enterobacterales acquisition, 
transmission, and infection.

We believe households are major drivers of MDR 
Enterobacterales spread in the community and that envi-
ronmental surfaces are major reservoirs of MDR Entero-
bacterales in households. That hypothesis is supported 
by observations that MDR Enterobacterales strains can 
persist on surfaces in healthcare environments for up 
to 30 months, likely contributing to healthcare-asso-
ciated transmission (9–11). Relevant to those findings, 
prior studies of household transmission of communi-
ty-acquired methicillin-resistant Staphylococcus aureus 
(MRSA) in St. Louis, Missouri, USA, have demonstrated 
that multiple environmental surfaces serve as reservoirs 
for community-acquired MRSA transmission (12–15). 
In addition, households with a higher burden of envi-
ronmental community-acquired MRSA contamination 
were 4-fold more likely to enable transmission (15). 
In addition, we believe that critical epidemiologic risk 
factors for colonization, including the presence of pre-
school-age children who attend daycare (16) and having 
a pet dog in the household, would be associated with 
MDR Enterobacterales colonization (17).

We used a biorepository of human and house-
hold surface samples and associated epidemiologic 
metadata collected from households of pediatric 
and adult community participants to understand the 
clinical and molecular epidemiology of community- 
acquired MDR Enterobacterales, with a focus on 
ESCR Enterobacterales. We highlight the household 
whole-genome sequencing (WGS) data for Enterobac-
ter spp., a well-known cause of healthcare-associated 
infections, which might represent an underrecog-
nized source of community acquisition of antimicro-
bial drug resistance.

Methods

Study Settings and Population
We used a biorepository and detailed epidemiolog-
ic metadata from a well-curated population of 150  

otherwise healthy children with community-acquired 
S. aureus infections and their household contacts (n = 
489) enrolled in the SHINE study from 2015–2021 in 
metropolitan St. Louis, Missouri, USA (Clinicaltrials.
gov, identification no. NCT02572791). Through the 
SHINE study, research visits were conducted in par-
ticipants’ homes. Children were defined as 0–18.99 
years old. Detailed clinical and epidemiologic data 
were collected from each participant, including de-
mographics, medical history, topical and systemic 
antimicrobial drug use, activities outside of the home, 
personal hygiene practices, and interactions between 
household contacts. Detailed information regarding 
household characteristics were also collected, includ-
ing household environmental cleaning practices, 
renting versus owning, number of bedrooms, and 
the presence and characteristics of pets. All data were 
collected prospectively through the SHINE study and 
were entered into REDCap, a secure, HIPAA-compli-
ant, web-based data application (18). At each study 
visit, colonization samples were collected from the 
anterior nares, axillae, and inguinal folds by using BD 
Eswabs (BD, https://www.bd.com). Rectal or peri-
rectal swab specimens were not collected.

Through the SHINE study, samples were collect-
ed from up to 21 household environmental surfaces. 
A 250-µL aliquot of liquid amies transport media from 
each swab was enriched and suspended in tryptic soy 
broth plus 20% glycerol and frozen at −80°C. For this 
study, we used samples from households collected at 
SHINE study enrollment (natural history phase). The 
Washington University Institutional Review Board 
approved study procedures. Informed consent was 
obtained for all participating household members.

Bacterial Isolates and Antimicrobial  
Susceptibility Testing
We chose to use inguinal fold swab specimens on the 
basis of a higher likelihood of colonization because 
of proximity to the rectum. We transferred swab sus-
pension samples and environmental surface samples 
to tryptic soy broth and incubated them overnight at 
37°C. We used a 1-μL inoculation loop to streak the 
enriched broth onto membrane fecal coliform agar to 
evaluate the presence of Enterobacterales bacteria. In 
addition, we spread-plated 100 μL of the broth onto 
CHROMagar ESBL media (CHROMagar, https://
www.chromagar.com) (19). We incubated plates at 
37°C for 16–20 hours, subcultured the resulting colo-
nies on CHROMagar, and incubated them overnight 
at 37°C. After incubation, we resuspended the colo-
nies in saline and adjusted to a 0.5–0.63 McFarland 
standard for isolate identification and antimicrobial 
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susceptibility testing using the automated VITEK 2 
system (bioMérieux, https://www.biomerieux.com), 
according to the manufacturer’s instructions.

We used a broad definition for MDR Entero-
bacterales because isolates were ESCR, with some 
demonstrating resistance to carbapenems, all of 
which were resistant to >2 antimicrobial classes. We 
selected the colonies we defined as MDR Enterobac-
terales for further testing (20). We chose a subset 
of the resistant isolates for WGS if they were from 
households where Enterobacterales were recovered 
from >1 surface or person. We extracted DNA by 
using the QIAGEN DNeasy Blood and Tissue Kit 
(QIAGEN, https://www.qiagen.com) according to 
the manufacturer’s instructions and shipped the ex-
tracted genomic DNA to the Rush University Medi-
cal Center Genomics and Microbiome core facility 
(Chicago, Illinois, USA) for WGS.

WGS
We performed bacterial WGS by using standard 
shotgun sequencing methods, as described previ-
ously (19). In brief, we prepared genomic DNA for 
sequencing by using a NEXTFLEX rapid XP DNA 
sequencing kit (Revvity, https://www.revvity.com) 
implemented on a Sciclone G3 NGSx iQ (Revvity) 
workstation. We normalized DNA inputs to 10 ng 
and used 10 cycles of amplification. After magnetic 
bead cleanup (0.8× ratio of beads to template, vol:vol), 
we sequenced libraries by using an Illumina NovaSeq 
X (Illumina, https://www.illumina.com) instrument 
using a 10 billion cluster flowcell lane. Libraries were 
created by the Rush University Medical Center for 
Genomics and Microbiome core facility, and sequenc-
ing was performed by the DNA Services Core, Carver 
Biotechnology Center, University of Illinois Urbana-
Champaign (Urbana-Champaign, Illinois, USA).

Bioinformatic Analysis
FASTQ files underwent QC screening, and we assem-
bled and analyzed them by using the Bactopia pipe-
line (21). In brief, we only further analyzed FASTQ 
files if they met the following parameters: estimated 
genome coverage >20×, mean per-read quality score 
>Q12, mean post-trimming read length >49 bp, and 
<500 total contigs. We quality filtered Illumina reads 
by using Trimmomatic (22) and assembled de novo 
by using SPAdes (23). We used Prodigal (24) to pre-
dict gene sequences and annotated them with Prokka 
(25). We assessed antimicrobial resistance content by 
using AMRFinder Plus (26). We defined core genes 
by using Roary (27). We generated a phylogenetic 
tree on the basis of a core gene alignment by using 

IQtree (28). We generated a maximum-likelihood 
tree by running 1,000 bootstrap replicates under the 
generalized time-reversible model of evolution. We 
inferred the maximum-likelihood phylogeny from 
the core genome alignment by using IQ-TREE under 
the Hasegawa–Kishino–Yano nucleotide substitution 
model with 1,000 ultrafast bootstrap replicates and 
1,000 SH-like approximate likelihood ratio test repli-
cates. We visualized and annotated the tree by using 
iTOL version 4 (29). We calculated the core genome 
pairwise single-nucleotide polymorphism distance 
for each sample with snp-dists (30) and completed 
pangenome wide comparison of genomes by using 
Scoary (31). We reconstructed, typed, and clustered 
plasmids by using MOB-suite (32). We performed 
clustering for plasmids with a mash distance <0.05 
with >85% similarity in length. We considered plas-
mid transfer if a mobilizable or conjugative plasmid 
within the same primary cluster was detected in a 
different species within the same household. Se-
quence data are available in the National Center for 
Biotechnology Information Sequence Read Archive 
(https://www.ncbi.nlm.nih.gov/sra; BioProject no. 
PRJNA1257399).

Statistical Analysis
We used a retrospective case–control study design 
to assess factors associated with household coloniza-
tion with MDR Enterobacterales. We presented the 
descriptives numerical variable by mean +SD and of 
categorical variables by counts and percentages (33). 
We conducted bivariate analysis by using a 2-sam-
ple t-test and χ2 test for independence. We conduct-
ed multivariate analysis of the binary outcome by 
using logistic regression. We selected covariates in 
the final logistic regression by the LASSO method 
(34,35) first, and then by clinical importance of the 
variables because of a large number of covariates as-
sociated with households and household members 
and pets (12,36).

We performed logistic regression analysis to 
identify significant household clinical and nonclini-
cal factors associated with household colonization 
with MDR Enterobacterales. On the basis of the 
observation numbers, robustness to reporting, pre-
varication bias, and biologic plausibility regarding 
Enterobacterales carriage, we selected a covariate 
with a p<0.25 in univariate analysis for inclusion in a 
multivariable model by using a manual forward se-
lection approach in which variables having a p = 0.10 
remained in the model. We addressed potential con-
founding effects by retaining variables whose exclu-
sion from the models changed the effect of the other 
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covariates by >10%. We tested interactions between 
independent variables and expanded the final mul-
tivariable models to include the significant (p<0.10) 
interaction terms. We checked for any collinearities 
between independent variables before multivariable 
analysis and made selections between collinear vari-
ables on the basis of an improved model fit as shown 
by the Akaike information criterion and Bayesian 
information criterion (36,37). We expressed bivari-
ate and multivariate associations as odd ratios (ORs) 
and corresponding 95% CIs. Statistical significance 
was indicated by p<0.05.

Results

Characteristics of Households in the Study Population
We analyzed 150 households and their characteris-
tics. The mean age of the 639 participants was 20.86 
(SD +6.30); for race, 73% identified as White, 24% as 
Black, and 3% as mixed race or Asian descent. In ad-
dition, >1 household member held a college degree 
(43%), private insurance (77%), or Medicaid insur-
ance (31%). All households had >1 child (52% of all 
participants were children), 71% had >1 child in day-
care, 51% had >1 dog, and the average number of 
residents per household was 4.31 (SD +1.34).

We univariately analyzed ≈100 variables from 
clinical and epidemiologic data. Of those, we sum-
marized 20 risk factors from the univariate analysis 
results along with their bivariate associations on the 
basis of the presence and absence of MDR Enterobac-
terales (Table 1).

Characteristics of Bacterial Isolates at the  
Household Level
We tested 3,201 samples from 627 humans and 2,574 
surfaces in 150 households. Enterobacterales strains 
phenotypically identified as MDR had been recov-
ered from 53 (35%) of 150 households. Of the 120 
MDR Enterobacterales isolated from 53 households, 
most were Enterobacter spp. (71%, n = 85), Pantoea 
spp. (12%, n = 14), and Klebsiella spp. (8%, n = 10). The 
household surfaces most commonly harboring MDR 
Enterobacterales were the kitchen sink faucet handle 
(20.7%), sofa (9%), bedsheets (6%), oven door handle 
(6%), and refrigerator door handle (3%). MDR Entero-
bacterales were identified in the inguinal folds of 25 
(4%) household members.

WGS Analysis of MDR Enterobacterales strains
We chose a subset of isolates for WGS if they were re-
covered from households where MDR Enterobactera-
les were found on >1 household surface or household 

member. Of the 94 samples sequenced, 93 passed 
pipeline QC metrics. Of those, 76 were Enterobactera-
les on the basis of genome taxonomy database toolkit 
taxonomic classification (Table 2). The most common 
species detected were members of the Enterobacter 
cloacae complex (most were E. hormaechei [N = 47]), 
followed by K. pneumoniae (N = 10). All isolates were 
ESCR; 10 were also resistant to >1 carbapenem, none 
of which were found to contain a transmissible car-
bapenemase gene.

We conducted a relatedness analysis for all spe-
cies or sequence types (STs) with >4 isolates (K. pneu-
moniae [n = 10], S. marcescens [n = 4], and E. hormaechei 
ST50 [n = 5] and ST108 [n = 5]). This analysis revealed 
clustering of isolates within the same households 
from multiple surfaces and household members 
(Appendix Table 1, http://wwwnc.cdc.gov/EID/
article/32/6/25-1655-App1.pdf).

We reconstructed, typed, and clustered plasmid 
sequences to assess whether plasmids with similar 
identity were found across different species isolated 
from the same household. A total of 251 plasmids 
were reconstructed across 69 genomes into 100 
unique clusters. Across those clusters, we detected 
>1 potential plasmid transfer event. A plasmid with 
the same conjugative relaxase type and an identical 
mash distance to the nearest MOB-suite database 
reference (GenBank accession no. CP032172) was 
detected in a K. pneumoniae isolate recovered from 
the inguinal fold of a participant child and Proteus 
mirabilis isolate recovered from the inguinal fold of 
the child’s mother.

Further analysis of the recovered E. hormaechei 
strains revealed a diversity of STs, with 23 unique 
STs detected (Figure; Appendix Table 2, Figure). 
Only 2 major STs (defined as  >5 isolate per ST) 
were detected: ST50 (n = 5 isolates) and ST108 (n = 
5 isolates). The remaining 47 were distributed across 
minor STs (n < 5 isolates per ST). All isolates had 
a blaACT variant ampC gene detected. Among the 47 
isolates, 15 were detected from a human source (3 
from inguinal folds, 12 from bedsheets) and 32 from 
an environmental source. ST distribution, AMR 
gene count, and plasmid count was similar among 
environmental and human isolates (Appendix Table 
2). To assess differential gene content between en-
vironmental and human isolates, we conducted a 
pangenome analysis. However, no candidate genes 
remained statistically significant after Benjamini-
Hochberg correction (false discovery rate <0.05). K. 
pneumoniae, the second largest group of strains as-
sessed by WGS, revealed primarily blaSHV-ESBL and 
most were also MDR (Table 3).
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Analysis of Factors Associated with  
MDR Enterobacterales
The 53 households with MDR Enterobacterales (cases) 
were compared to 97 households without MDR Entero-
bacterales (controls). Although 94 of 150 households 
identified having >1 family member with >1 health 
conditions (Table 1; Appendix Table 3), none of those 
conditions were found to be associated with MDR En-
terobacterales colonization on bivariate analysis; pri-
mary conditions reported were often mild or common 
such as asthma and seasonal allergies. However, house-
holds reporting >1 antimicrobial drug prescription  

in the previous 12 months were more common in 
controls than cases and was inversely associated with 
MDR Enterobacterales colonization (OR  =  0.48, 95% 
CI 0.24–0.96; p = 0.04). Having smaller homes, fewer 
rooms, and lower square feet per person were positive-
ly associated with MDR Enterobacterales colonization 
on bivariate analysis.

In the final multivariable logistic regression mod-
el (Table 4), factors found to be associated with a low-
er likelihood of MDR Enterobacterales colonization 
were households identifying as predominantly White 
race (adjusted OR  [aOR] =  0.18, 95% CI 0.06–0.49; 

918	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 6, June 2026

 
Table 1. Descriptive statistics by HHs with (cases) and without (controls) MDR Enterobacterales in study of role of HHs with children in 
community spread of multidrug-resistant Enterobacterales, St. Louis, Missouri, USA* 
Variable Total HHs, n = 150 Controls, n = 97 Cases, n = 53 Odds ratio (95% CI) p value 
Mean HH size (SD) 4.31 (1.34) 4.29 (1.26) 4.36 (1.48) 1.04 (0.81–1.33) 0.76 
HH members’ mean age, years (SD) 20.86 (6.30) 21.3(5.97) 19.95(6.82) 0.96 (0.91–1.02) 0.19 
HH mean home size in square feet (SD) 1,785 (1,021) 1,953(1,027) 1,481 (946) 1.02 (1.01–1.03) 0.01 
HH mean number of rooms (SD) 9.85 (3.35) 10.32 (3.58) 9.00 (2.72) 0.88 (0.78–0.98) 0.02 
HH mean square feet per person (SD) 441 (262) 478 (259) 374 (255) 0.98 (0.97–0.99) 0.02 
HH size >5 membership      
 No 130 (87) 87 (90) 43 (81)   
 Yes 20 (13) 10 (10) 10 (19) 2.02 (0.77–5.29) 0.15 
HH homeownership      
 No 56 (37) 30 (31) 26 (49)   
 Yes 94 (63) 67 (69) 27 (51) 0.46 (0.23–0.92) 0.03 
HHs with >1 health conditions      
 No 24 (16) 14 (14) 10 (19)   
 Yes 126 (84) 83 (86) 43 (81) 0.73 (0.30–1.81) 0.48 
HHs with >1 ADHD member      
 No 94 (75) 66 (80) 28 (65)   
 Yes 32 (25) 17 (20) 15 (35) 2.08 (0.91–4.76) 0.08 
HHs with >1 antimicrobial prescription within 12 mo     
 No 85 (57) 49 (51) 36 (68)   
 Yes 65 (43) 48 (49) 17 (32) 0.48 (0.24–0.96) 0.04 
HHs with >1 emergency room visit within 12 mo     
 No 10 (6.7) 7 (7.2) 3 (5.7)   
 Yes 140 (93) 90 (93) 50 (94) 1.3 (0.34–6.22) 0.72 
White households      
 No 40 (27) 17 (18) 23 (43)   
 Yes 110 (73) 80 (82) 30 (57) 0.28 (0.13–0.58) <0.01 
HHs with >1 college degree      
 No 86 (57) 53 (55) 33 (62)   
 Yes 64 (43) 44 (45) 20 (38) 0.73 (0.36–1.44) 0.37 
HH with >1 professional degree     
 No 102 (68) 62 (64) 40 (75)   
 Yes 48 (32) 35 (36) 13 (25) 0.58 (0.26–1.20) 0.15 
HHs with >1 private insurance member     
 No 35 (23) 16 (16) 19 (36)   
 Yes 115 (77) 81 (84) 34 (64) 0.35 (0.16–0.77) 0.01 
HHs with >1 Medicaid recipient     
 No 104 (69) 75 (77) 29 (55)   
 Yes 46 (31) 22 (23) 24 (45) 2.82 (1.38–5.85) 0.01 
HHs with >1 child attending daycare     
 No 44 (29) 30 (31) 14 (26)   
 Yes 106 (71) 67 (69) 39 (74) 1.25 (0.60–2.69) 0.56 
HHs with >1 dog      
 No 74 (49) 51 (53) 23 (43)   
 Yes 76 (51) 46 (47) 30 (57) 1.45 (0.74–2.86) 0.28 
HHs with >1 cat      
 No 125 (83) 78 (80) 47 (89)   
 Yes 25 (17) 19 (20) 6 (11) 0.52 (0.18–1.34) 0.2 
*Values are no. (%) except as indicated. HH, household; MDR, multidrug resistant.  
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p<0.01) and having ≥1 member of the family with 
private insurance trended toward significance and 
was included in the final model (aOR = 0.44, 95% CI 
0.16–1.22; p = 0.11). Factors associated with increased 
risk for household colonization with MDR Enterobac-
terales included having >1 with a diagnosis of ADHD 
(aOR = 3.47, 95% CI 1.34–9.41; p = 0.01), >1 minor at-
tending daycare (aOR = 2.86, 95% CI 1.07–8.38, p = 
0.04), and >1 dog (aOR = 3.31, 95% CI 1.27–3.31; p = 
0.02). Similar differences can be found between aOR 
and OR (Appendix Table 4).

Discussion
In this study, we focused on understanding the role of 
the household in acquisition and transmission of MDR 
Enterobacterales, factors associated with increased or 
decreased risk for household colonization, the princi-
pal genetic determinants, and the relatedness of MDR 
Enterobacterales strains in community settings. Our re-
search program investigates antimicrobial drug resis-
tance in the community through a One Health lens (38).

Enterobacterales that exhibit higher level resis-
tance are designated as high priority in the 2024 WHO 
priority report (39). Of note, studying colonizing iso-
lates overcomes biases that are intrinsic to surveillance 
systems reliant on passively collected clinical isolates 
(40), which is critical because colonization frequently 
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Table 2. Enterobacterales species detected within households by 
whole-genome sequence analysis in study of role of households 
with children in community spread of multidrug-resistant 
Enterobacterales, St. Louis, Missouri, USA 
Species No. (%), n = 76 
Enterobacter hormaechei 47 (61.8) 
Enterobacter mori 1 (1.3) 
Enterobacter quasihormaechei 1 (1.3) 
Enterobacter roggenkampii 1 (1.3) 
Klebsiella pneumoniae 10 (13.2) 
Klebsiella variicola 1 (1.3) 
Serratia marcescens 4 (5.3) 
Serratia bockelmannii 3 (3.9) 
Pantoea septica 3 (3.9) 
Pantoea dispersa 1 (1.3) 
Pantoea piersonii 1 (1.3) 
Proteus mirabilis 2 (2.6) 
Citrobacter braakii 1 (1.3) 

 

Figure. Phylogenetic tree 
based on core gene alignment 
for isolated Enterobacter 
hormaechei species (n = 47) in 
study of the role of households 
with children in community 
spread of multidrug-resistant 
Enterobacteriaceae, St. 
Louis, Missouri, USA. Scale 
bar represents nucleotide 
substitutions per site. MLST, 
multilocus sequence type; NA, 
not available. 
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precedes infection, and asymptomatic carriers can 
serve as sources of onward MDR organism transmis-
sion. In particular, colonization with MDR and ESCR 
Enterobacterales in children can last months or years, 
and silent dissemination of transmissible ARGs in  
Enterobacterales has been described in healthy pediat-
ric populations (41–43).

We found that, in households not known to pre-
viously harbor MDR Enterobacterales, the prevalence 
in midwestern US communities was high, 35%. The 
average household size was 4.31, and 100% of house-
holds had >1 child. Those findings are consistent with 

the continued increases of ESCR Enterobacterales in 
community settings, despite the successes of aggres-
sive infection prevention and control campaigns in 
healthcare settings (3,4). We also found the presence 
of other major transmissible ARGs, such as fluoro-
quinolone, sulfonamide, fosfomycin, and tetracycline 
resistance genes, along with the presence of multiple 
conjugative plasmids among isolates (Table 3; Appen-
dix Table 2). Previous studies that have investigated 
household transmission of MDR Enterobacterales 
were predominately among previously hospitalized 
adult patients with known colonization (6). 
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Table 3. Klebsiella pneumoniae characteristics by isolate source in study of role of households with children in community spread of 
multidrug-resistant Enterobacterales, St. Louis, Missouri, USA* 
Characteristic Total, n = 10 Environmental source, n = 7 Human source, n = 3 
MLST    
 Unknown 2 (20) 2 (29) 0 
 1380 1 (10) 1 (14) 0 
 20 1 (10) 1 (14) 0 
 29 2 (20) 1 (14) 1 (33) 
 461 1 (10) 1 (14) 0 
 466 1 (10) 1 (14) 0 
 678 2 (20) 0 2 (67) 
Median AMR gene count per isolate (IQR) 5 (4.25–5) 5 (3.5–5) 5 (5–5.5) 
AMR resistance determinants    
 -lactam AMR determinants 10 (100) 32 (100) 15 (100) 
  blaSHV, unspecified 2 (20) 1 (14) 1 (33) 
  blaSHV-1 1 (10) 1 (14) 0 
  blaSHV-187 1 (10) 1 (14) 0 
  blaSHV-26 1 (10) 1 (14) 0 
  blaSHV-33 1 (10) 1 (14) 0 
  blaSHV-36 2 (20) 2 (29) 0 
  blaSHV-41 2 (20) 0 2 (67) 
  blaTEM-10 2 (20) 1 (14) 1 (33) 
 Fosfomycin AMR determinants 10 (100) 7 (100) 3 (100) 
  fosA 6 (60) 3 (43) 3 (100) 
  fosA10 4 (40) 4 (57) 0 
 Multiclass AMR determinants    
  emrD 10 (100) 7 (100) 3 (100) 
 Phenicol/quinolone AMR determinants 7 (70) 4 (57) 3 (100) 
  oqxA 3 (30) 2 (29) 1 (33) 
  oqxA3 1 (10) 1 (14) 0 
  oqxA10 3 (30) 1 (14) 2 (67) 
  oqxB 2 (20) 0 2 (67) 
  oqxB19 2 (20) 2 (29) 0 
  oqxB25 3 (30) 2 (29) 1 (33) 
 Trimethoprim AMR determinants 1 (10) 1 (14) 0 
  dfrA50 1 (10) 1 (14) 0 
Median plasmid count per isolate (IQR) 3.5 (3–4.75) 4 (3.5–5) 3 (2–3) 
Plasmids    
 Col440I 5 (50) 5 (71) 0 
 Col440II 3 (30) 3 (43) 0 
 IncFIB(K) 10 (100) 7 (100) 3 (100) 
 IncFIB(Mar) 1 (10) 1 (14) 0 
 IncFIB(pKPHS1) 1 (10) 1 (14) 0 
 IncFIB(pQil) 1 (10) 1 (14) 0 
 IncFII 3 (30) 1 (14) 2 (67) 
 IncFII(K) 8 (80) 6 (86) 2 (67) 
 IncFII(Yp) 1 (10) 1 (14) 0 
 IncHI1B 1 (10) 1 (14) 0 
 IncR 2 (20) 2 (29) 0 
 IncX5 1 (10) 1 (14) 0 
 repA 2 (20) 1 (14) 0 
*Values are no. (%) except as indicated. AMR, antimicrobial resistance; IQR, interquartile range; MLST, multilocus sequence type.  
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Although ESBL-producing K. pneumoniae and P. 
mirabilis were recovered from households, we did 
not find a major presence of ESBL-producing E. coli. 
However, we did find the presence of high-risk E. coli 
clones (e.g., ST131, ST69, ST127, ST73) known for their 
epidemic potential and high potential for acquiring or 
having ARGs and MGEs.

Of note, the Enterobacter cloacae complex group 
of bacteria are ubiquitous in nature; however, these 
bacteria are most found in healthcare-associated 
infections in hospitalized patients or persons with 
antimicrobial or healthcare exposures. We were 
surprised to see such a high level of colonization in 
relatively healthy community households. In addi-
tion, most of our isolates within Enterobacter cloacae 
complex were E. hormaechei, which is often MDR and 
known to cause extraintestinal healthcare-associated  
infections, (e.g., urinary tract, bloodstream, and 
pneumonia), and can persist in healthcare environ-
ments (44). We found evidence of clustering of E. 
hormaechei within and between households, suggest-
ing that household and community reservoirs might 
be a major source of community acquisition and 
spread of these pathogens.

The first limitation of our study is the relatively 
small sample size and large number of variables. We 
could not study the nonlinear and nonmonotonic ef-
fects of several count variables, and the suggested 
multivariate model might not be optimal for the giv-
en data. However, the relatively large prevalence of 
Enterobacterales has shown good statistical classifi-
cation power of the study population. The multivari-
ate model with 5 covariates showed good predictive 
power with 81.2% area under the curve. The model 
classified households with 75% sensitivity and 75% 
specificity when the threshold was 0.35. Second, be-
cause of the relatively small sample size of non-White 
households, we cannot provide details about the ef-
fect modification of race and suspect that race might 
represent a proxy for differences in socioeconomic 
status in the region of study. Although we show the 
link between pets, in particular dog ownership, and 
the diagnosis of ADHD and their association with 
household colonization with MDR Enterobacterales, 
many non-White households, predominantly Black, 
did not have pets or family members with ADHD 

diagnosis, limiting the ability for further analysis of 
those variables. Third, the parent study of the bio-
repository used for this analysis was initially de-
signed to assess S. aureus household colonization, 
and households were selected on the basis of having 
a healthy child who had an S. aureus skin and soft 
tissue infection. Therefore, inguinal swab specimens 
were used to assess for household member coloniza-
tion for MDR Enterobacterales because rectal or peri-
rectal swab specimens were not collected in the par-
ent study. Although ideally rectal or perirectal swab 
specimens would have been used, prior surveillance 
studies have demonstrated that the main reservoir 
for Enterobacterales is the gastrointestinal tract, and 
the inguinal folds are the most colonized skin site 
outside of the perirectal area because of the proximity 
to the rectum (45–49). A military study demonstrated 
that the inguinal folds were the most sensitive ana-
tomic site for detecting MDR gram-negative coloni-
zation outside of the perirectum (negative predictive 
value 98%–100% for ESBL Enterobacterales) (46). The 
inguinal folds in young and diapered children also 
have a high burden of colonization and secondary in-
fection with bacteria because of incontinence, excess 
moisture, and friction (50). Within our study popula-
tion, most households (123 of 150) had children 0–5 
years of age (4,16). In addition, our finding of a 4% in-
guinal fold colonization rate is consistent with prior 
US-based pediatric studies of intestinal colonization 
with ESCR (4.4%) and ESBL-producing (3.5%) En-
terobacterales in healthy US children collected dur-
ing well child clinic visits (42). Finally, whereas we 
can demonstrate clustering within households and 
communities, our retrospective analysis of a single 
time point cannot establish timing nor directionality 
of transmission within or between households, sur-
faces, and its members.

In conclusion, households might serve as a ma-
jor contributor to the acquisition and spread of MDR 
Enterobacterales in the community. Factors associ-
ated with household colonization with MDR Entero-
bacterales include having a pet dog or children who 
attend daycare. Our current and future prospective 
One Health focused studies continue to investigate 
community reservoirs of MDR Enterobacterales in 
humans, animals, the household, and the natural 
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Table 4. Multivariable logistic regression model for households with resistant Enterobacterales in study of role of households with 
children in community spread of multidrug-resistant Enterobacterales, St. Louis, Missouri, USA 
Variable Odds ratio (95% CI) p value 
White households 0.18 (0.06–0.49) <0.01 
Households with private insurance 0.44 (0.16–1.22) 0.11 
Households with >1 ADHD member 3.47 (1.34–9.41) 0.01 
Household with >1 minors and attending daycare 2.86 (1.07–8.38) 0.04 
Households with >1 dogs 3.31 (1.27–9.41) 0.02 
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environment. Our study emphasizes the necessity 
of investigating community reservoirs and spread of 
MDR Enterobacterales to learn more about how to 
mitigate potential sources associated with coloniza-
tion and infection in the community. 
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Sporothrix schenckii complex is a group of geneti-
cally related fungi within the genus Sporothrix, 

which includes S. schenckii sensu stricto, S. brasilien-
sis, S. globosa, S. mexicana, S. luriei, and S. albicans (1). 
S. schenckii are thermal dimorphic pathogens that 
live and grow in mold form in the environment (1,2). 
Humans and animals become infected through the 
implantation of spores from contaminated materials 
into subcutaneous tissue through cuts and scratches; 
the fungus then converts to yeast form within the host 
tissue (2). S. schenckii complex causes sporotrichosis 
in humans and animals; cats are the most susceptible 
species. The geographic distribution, pathogenicity,  

clinical manifestations, virulence, and antifungal 
drug susceptibility differ among species. S. brasilien-
sis is the most virulent and highly prevalent, caus-
ing animal sporotrichosis and zoonotic infections in 
Brazil and other South American countries. S. globosa 
is an emerging human pathogen in China and India, 
and human infection occurs through environmen-
tal transmission (3–5). S. schenckii s.s. has occasion-
ally been reported as causing environmentally ac-
quired infection globally. However, a specific clade 
of S. schenckii s.s. has recently emerged among cats in 
Thailand, and reports of cat-to-cat and cat-to-human 
transmission are increasing (6–8). Cats with sporotri-
chosis exhibit multiple ulcerative mucosal and cuta-
neous lesions. Infected cats can shed infectious yeast 
organisms through saliva, nasal secretions, wound 
exudates, and scratches or bites to humans, cats, and 
other species (9). Cats serve as a major reservoir and 
highly efficient transmitter of sporotrichosis (9,10).

The effective treatment of infected cats with 
antifungal drugs is essential for controlling feline 
sporotrichosis. Performing antifungal drug sus-
ceptibility testing and analyzing the MIC values of 
endemic strains are necessary for monitoring anti-
fungal drug susceptibility patterns. Clinical deci-
sions are typically made on the basis of established 
clinical breakpoints; however, the clinical break-
points for Sporothrix spp. are currently unavailable 
(11). Therefore, characterizing wild-type (WT) or 
non–wild-type (non-WT) isolates on the basis of the 
epidemiologic cutoff values (ECVs) is useful for sur-
veillance of emerging antifungal drugs resistance 
(12). WT isolates have no resistance mechanisms 
and typically exhibit expected antifungal drugs 
susceptibility profiles, whereas non-WT strains 
have shown evidence of acquired or mutational  
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Feline sporotrichosis is a public health concern because 
it is a zoonotic illness and has a prolonged treatment 
time. We report laboratory-confirmed cases of feline 
Sporothrix schenckii complex infection submitted to a 
laboratory in Thailand during 2023–2025 and evaluate 
their in vitro antifungal drug susceptibility profiles for 
amphotericin B, itraconazole, posaconazole, voricon-
azole, ketoconazole, fluconazole, and flucytosine. A total 
of 1,178 S. schenckii complex isolates were identified. 
Overall, 368 isolates did not show reduced susceptibility. 
We observed single-drug reduced susceptibility to am-
photericin B (60 isolates), posaconazole (41 isolates), 
voriconazole (9 isolates), and terbinafine (4 isolates). 
We observed a reduced susceptibility to itraconazole in 
687 isolates: 321 single-drug, 270 co-reduced, and 96 
multidrug-reduced isolates. An increasing number of 
feline sporotrichosis cases and escalating reduced sus-
ceptibility to itraconazole underscore the need for con-
tinued surveillance and susceptibility testing to support 
management in complex cases.
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changes, which reduce their susceptibility to anti-
fungal drugs and are associated with higher MICs. 
Sporotrichosis treatment requires the use of anti-
fungal drugs for several months, which might lead 
to antifungal drug resistance in clinical cases. Itra-
conazole is the antifungal drug of choice and the 
first-line treatment for sporotrichosis (13,14). Other 
antifungal drugs, including azoles (i.e., fluconazole, 
ketoconazole, posaconazole, and voriconazole), 
polyene (i.e., amphotericin B), pyrimidine analog 
(i.e., flucytosine), and allylamine (i.e., terbinafine), 
have also been used as combination therapies for hu-
man and feline sporotrichosis and other dimorphic 
fungal infections to shorten the treatment duration 
and improve clinical outcomes (13,15–17). Data on 
antifungal drug susceptibility from feline S. schenckii 
s.s. isolates in Thailand (2018–2021) reported in 2022 
and 2023 (6,18) showed that prolonged treatment 
and frequent combination therapy might alter sus-
ceptibility patterns and lead to more complex resis-
tance. We report laboratory-confirmed cases of feline 
sporotrichosis in Thailand from 2023–2025; char-
acterize the in vitro antifungal drugs susceptibility 
profiles of S. schenckii complex isolates from cats in 
Thailand to amphotericin B, itraconazole, posacon-
azole, voriconazole, terbinafine, ketoconazole, flu-
conazole, and flucytosine; define the WT population 
of those isolates from 2023–2025; and determine the 
cross-reduced susceptibility patterns of itraconazole 
and other antifungal drugs.

Materials and Methods

Fungal Isolates and Data Collection
All the sample collection and handling procedures 
were approved by the Institutional Animal Care and 
Use Committee at Kasetsart University (approval 
no. ACKU68-VET-085). Clinical samples from cats 
suspected of feline sporotrichosis, submitted during 
2023–2025 from veterinary clinics nationwide to the 
Department of Microbiology and Immunology, Fac-
ulty of Veterinary Medicine, Kasetsart University, 
Bangkok, were included.

We inoculated wound swab samples collected 
from cats with ulcerated cutaneous lesions in Sab-
ouraud dextrose agar (SDA) at 30°C and brain–heart 
infusion agar containing gentamicin (50 mg/L; Gen-
eral Drugs House, https://generaldrugshouse.com) at 
35°C for 5–14 days. We identified the causative agent 
as S. schenckii complex on the basis of its thermal di-
morphic characteristics: a yeast form on brain–heart 
infusion agar at 35°C and a mold form as a hyaline 
septate fungus with a flower-like arrangement of the 

rosette and sessile conidia on SDA at 30°C. We sub-
cultured and stored the isolates in sterile water for fur-
ther antifungal drug susceptibility testing. For each cat, 
we obtained data on the age, sex, breed, body weight, 
and retrovirus-infected status (feline leukemia virus 
[FeLV] and feline immunodeficiency virus [FIV]) from 
hospital database and sample submission.

Antifungal Drug Susceptibility Testing
We tested the S. schenckii complex isolates for their 
susceptibility to 8 antifungal drugs: amphotericin B, 
itraconazole, posaconazole, voriconazole, ketocon-
azole, terbinafine, fluconazole, and flucytosine. We 
performed antifungal drug susceptibility testing by 
using the broth microdilution method (BMD) accord-
ing to Clinical and Laboratory Standards Institute 
(CLSI) for filamentous fungi guidelines (CLSI M38-
A3) (19,20). The final concentrations of all the drugs 
assigned for testing were 0.06–32 μg/mL for ampho-
tericin B, itraconazole, and posaconazole; 0.12–64 μg/
mL for voriconazole; 0.015–8 μg/mL for terbinafine 
and ketoconazole; and 0.5–256 μg/mL for fluconazole 
and flucytosine. We sourced the antifungal drugs 
from MilliporeSigma (Sigma Aldrich, https://www.
sigmaaldrich.com). We performed antifungal drug 
susceptibility testing against the mold form of the S. 
schenckii complex isolates as described previously (6). 
We dissolved the antifungal drugs according to CLSI 
M38-A3 (20) and diluted in Roswell Park Memorial 
Institute 1640 medium (Invitrogen, https://www.in-
vitrogen.com) buffered to a pH of 7.0 with 0.65 M of 
3-(N-morpholino)-propanesulfonic acid (MOPS) buf-
fer (Millipore Sigma) with L-glutamine and without 
bicarbonate to achieve 2× the final concentration of 
each drug. We then loaded the solution into 96-well 
U-shaped microplates. We harvested a conidia sus-
pension from the 3-day-old cultures growing on SDA 
at 30°C and adjusted the cell density to an absorbance 
of 0.09–0.11 at 530 nm and diluted at 1:50 in an RPMI 
1640 culture medium to obtain the final cell concen-
tration necessary for testing. We incubated the inocu-
lated microplate at 35°C for 72 hours and determined 
the MIC visually. We included Candida parapsilosis 
ATCC 22019 to verify the accuracy of antifungal drug 
concentrations and potency in BMD plates but not as 
a quality control strain for filamentous fungi suscep-
tibility testing.

Antifungal Drug Susceptibility Analysis  
and Interpretation
To enable the parallel evaluation of the ECVs 
with those previously reported (21), we analyzed 
the MIC values of the isolates from Thailand. We  
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calculated the MICs required to inhibit 50% (MIC50), 
90% (MIC90), 95% (MIC95), 97.5% (MIC97.5), and 99% 
(MIC99) of the tested isolates. In addition, we deter-
mined the statistic mode by the highest frequency of 
MIC value for each antifungal drug. We identified 
the non-WT isolates as S. schenckii isolates with MIC 
values higher than the ECVs previously reported for 
amphotericin B (4 μg/mL), itraconazole (2 μg/mL), 
posaconazole (2 μg/mL), and voriconazole (64 μg/
mL). The ECV for terbinafine has not yet been estab-
lished; therefore, we defined a study-specific cutoff 
for terbinafine by statistical cutoff value at MIC97.5, ac-
cording to CLSI M57 guidelines (22).

We used JMP Pro version 10 (SAS Institute, 
https://www.sas.com), GraphPad Prism version 9.0 
(GraphPad, https://www.graphpad.com), and Stata 
version 14.2 (StataCorp, LLC, https://www.stata.
com) for statistical analyses. We used Fisher exact test 
to assess the associations between the retroviral infec-
tions and non-WT populations. We also determined 
the associations between the non-WT isolates among 
the antifungal drugs. We considered results statisti-
cally significant when p<0.05.

Results
We identified 1,178 S. schenckii complex isolates 
over the 3-year sampling period. Of those, in 2023 
we recovered 225 isolates, in 2024 we recovered 383 
isolates, and in 2025 we recovered 570 isolates. The 
demographic characteristics of cats with S. schenckii 
complex (Table 1) included mean +SD age of 4.0 +3.3 
years and mean +SD bodyweight of 3.83 +1.3 kg. Most 
of the cats were male (60.7%) and domestic shorthairs 
(91.6%). Retroviral testing was performed on 253 cats, 
of which 28.1% were positive for FeLV or FIV.

We determined the MIC50​, MIC90, MIC95​, MIC97.5​, 
MIC99​, and mode MIC values for all tested antifun-
gal drugs (Table 2). Amphotericin B demonstrated 
MIC values ranging from 4 μg/mL (MIC50) to 16 μg/
mL (MIC99​). Itraconazole and posaconazole exhibited 

high MIC values, with MIC50 values of 8 μg/mL (itra-
conazole) and 1 μg/mL (posaconazole), and MIC90​
–MIC99​ exceeding 32 μg/mL. Voriconazole exhib-
ited MIC values from 32 μg/mL (MIC50) to >64 μg/
mL (MIC99​), whereas the MIC values for terbinafine 
ranged from 1 μg/mL (MIC50​) to 8 μg/mL (MIC99​). 
The MIC values were between 0.5–4 μg/mL for keto-
conazole. Fluconazole and flucytosine had consistent-
ly high MIC values, with MIC50 ​to MIC99​ >64 μg/mL. 
The study-specific cutoff for terbinafine was assigned 
as 4 μg/mL according to MIC97.5.

We observed a predominance of WT isolate sus-
ceptibility toward amphotericin B (79.0%), posacon-
azole (73.9%), voriconazole (97.3%), and terbinafine 
(98.2%). In contrast, itraconazole revealed a pre-
dominance of non-WT isolate susceptibility (58.3%). 
The distribution of MIC values for amphotericin B,  
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Table 1. Demographic characteristics of 1,178 cats with 
sporotrichosis in Thailand, 2023–2025* 
Parameter Cats with sporotrichosis 
Total no. 1,178 
Age, y 

 

 Median (range) 3.0 (0.1–21.3) 
 Mean +SD 4.0 +3.3 
Sex 

 

 Female 428 (36.3) 
 Male 715 (60.7) 
 Unknown 35 (3.0) 
Breed 

 

 American shorthair 2 (0.2) 
 Bengal 1 (0.1) 
 British shorthair 4 (0.3) 
 Domestic shorthair 1,079 (91.6) 
 Munchkin 2 (0.2) 
 Persian 27 (2.3) 
 Scottish fold 26 (2.2) 
 Unknown 36 (3.1) 
Bodyweight, kg 

 

 Median (range) 3.8 (0.5–9.4) 
 Mean +SD 3.83 + 1.3 
Retrovirus infection test, total no. 253 
 FeLV or FIV negative 182 (71.9) 
 FeLV or FIV positive 71 (28.1) 
*Values are no. (%) except as indicated. FeLV, feline leukemia virus; FIV, 
feline immunodeficiency virus 

 

 
Table 2. Antifungal drug susceptibility profiles of 8 antifungal drugs against 1,178 Sporothrix schenckii complex isolates in Thailand, 
2023–2025* 

Antifungal drug 
MICs, μg/mL 

Range Mode MIC50 MIC90 MIC95 MIC97.5 MIC99 
Amphotericin B 0.06–>32 4 (WT) 4 (WT) 8 (non-WT) 8 (non-WT) 8 (non-WT) 16 (non-WT) 
Itraconazole 0.06–>32 >32 (non-WT) 8 (non-WT) >32 (non-WT) >32 (non-WT) >32 (non-WT) >32 (non-WT) 
Posaconazole 0.06–>32 1 (WT) 1 (WT) >32 (non-WT) >32 (non-WT) >32 (non-WT) >32 (non-WT) 
Voriconazole 0.5–>64 64 (WT) 32 (WT) 64 (WT) 64 (WT) >64 (non-WT) >64 (non-WT) 
Terbinafine 0.015–>8 1 (WT) 1 (WT) 2 (WT) 4 (WT) 4 (WT) 8 (non-WT) 
Ketoconazole 0.015–>8 1 0.5 2 2 2 4 
Fluconazole 1–>256 >256 >256 >256 >256 >256 >256 
Flucytosine 0.5–>256 64 64 >256 >256 >256 >256 
*Mode is the MIC that occurs most frequently. MIC50, MIC90, MIC95, MIC97.5, and MIC99 values are reported as the minimum concentrations of antifungal 
drugs required to inhibit 50%, 90%, 95%, 97.5%, and 99% of the growth of S. schenckii complex isolates. Susceptibility phenotypes were characterized 
on the basis of available epidemiologic cutoff values (21) and study-specific cutoff value (for terbinafine). Non-WT, non-wild-type; WT, wild-type. 
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itraconazole, posaconazole, voriconazole, and terbin-
afine and MICs for antifungal drugs that do not have 
designated ECVs for S. schenckii complex are provid-
ed (Table 3).

We did not find an association between retrovi-
ral infections and non-WT isolates for amphotericin 
B (p = 0.2367), itraconazole (p = 0.2569), posaconazole 
(p = 0.2367), voriconazole (p>0.9999), and terbinafine 
(p>0.9999). We observed significant associations be-
tween non-WT itraconazole isolates and non-WT 
isolates for amphotericin B (p<0.0001), posaconazole 
(p<0.0001), and terbinafine (p = 0.0428). The non-WT 
posaconazole isolates were also significantly associ-
ated with the non-WT isolates for amphotericin B 
(p<0.0001) and terbinafine (p = 0.0005).

We did not observe reduced susceptibility to any 
of the tested antifungal drugs in 368 isolates (31.2%). 
We observed single-drug reduced susceptibility to 
amphotericin B in 60 isolates, to posaconazole in 41 
isolates, to voriconazole in 9 isolates, and to terbin-
afine in 4 isolates. We also observed cross-reduced 
susceptibility in 8 isolates between amphotericin B 
and posaconazole, and 1 isolate demonstrated cross-
reduced susceptibility between amphotericin B and 
voriconazole. For itraconazole, 491 isolates showed 
no reduced susceptibility pattern, whereas 687 iso-
lates exhibited reduced susceptibility. We observed 
single-drug reduced susceptibility to itraconazole in 
321 isolates. We identified co-reduced susceptibility 
with itraconazole in 270 isolates and observed multi-
drug reduced susceptibility to itraconazole in 96 iso-
lates (Table 4).

Discussion
We phenotypically identified 1,178 feline S. schenckii 
complex isolates by fungal culture and determined 
them to have in vitro antifungal drug susceptibilities. 
Only 31.2% of all the isolates were susceptible to all 
the tested drugs. Terbinafine, voriconazole, ampho-
tericin B, and posaconazole exhibited high efficacy, 
whereas itraconazole had limited efficacy. No associ-
ation was apparent between the retroviral infections 
and non-WT isolates for amphotericin B, itraconazole, 
posaconazole, voriconazole, and terbinafine. Vari-
ous patterns of Various patterns of in vitro reduced 
susceptibility to antifungal drugs were characterized 
in this study, including single-drug reduced, co-re-
duced, and multidrug reduced susceptibility.

Samples were obtained from client-owned cats 
taken to veterinary clinics and with suspected fe-
line sporotrichosis. Specimens were collected by 
attending veterinarians for routine diagnostic pro-
cedures. During 2023–2025, the number of cats di-
agnosed with sporotrichosis in Thailand increased 
steadily: 225 cases in 2023, increasing to 383 cases 
in 2024 and 570 cases in 2025. Reported cases rep-
resent laboratory-confirmed infections. Not all in-
fected cats might have undergone confirmatory 
testing. As a result, the number of cases reported 
in this study likely underestimates the true num-
ber of feline sporotrichosis infections in Thailand. 
Although samples were submitted from multiple 
veterinary clinics across the country, geographic 
distribution was not analyzed in this study. Fur-
ther epidemiologic studies are warranted to better 
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Table 3. MIC distribution and susceptibility phenotypes for 8 antifungal drugs against 1,178 Sporothrix schenckii complex isolates in 
Thailand, 2023–2025* 

Antifungal 
drugs 

Susceptibility 
phenotypes 

 

Distribution of MICs, μg/mL 

WT 
Non-
WT 0.015 0.03 0.06 0.12 0.25 0.5 1 2 4 8 16 32 64 128 256 >256 

Amphotericin 
B 

931 
(79.0) 

247 
(21.0) 

 NA NA 3 6 27 70 48 187 590 234 9 2 2‡ NA NA NA 

Itraconazole 491 
(41.7) 

687 
(58.3) 

 NA NA 3 3 38 86 159 202 104 70 40 24 449‡ NA NA NA 

Posaconazole 870 
(73.9) 

308 
(26.2) 

 NA NA 1 3 69 165 388 244 45 169 12 9 73‡ NA NA NA 

Voriconazole 936 
(97.3) 

26 
(2.7) 

 NA NA  0 0 3 9 18 61 193 171 236 245 26‡ NA NA 

Terbinafine§ 1,157 
(98.2) 

21 
(1.8) 

 2 2 11 42 198 330 333 168 71 14 7‡ NA NA NA NA NA 

Ketoconazole ND ND  4 3 18 71 177 304 379 187 31 3 1‡ NA NA NA NA NA 
Fluconazole ND ND  NA NA NA NA NA 0 1 0 1 4 1 2 6 48 131 984‡ 
Flucytosine ND ND  NA NA NA NA NA 4 0 5 29 70 85 209 246 197 114 3‡ 
*Values are no. (%) except as indicated. Bold indicates highest number in each row (mode). Gray shading indicates non-WT. NA, not available because it 
was not tested; ND, not determined because of the lack of an epidemiologic cutoff value and the drug not being commonly used; non-WT, non-wild-type; 
WT, wild-type. 
†The MIC is compared with the S. schenckii epidemiologic cutoff value (21).  
‡The MICs were greater than the highest tested concentration (>X μg/mL). X was replaced with the actual maximum concentration of each drug (e.g., 
>32 μg/mL). 
§Terbinafine susceptibility phenotypes are characterized by a study-specific cutoff value based on data in the study, that is, the MIC of antifungal drugs 
required to inhibit 97.5% of the growth of S. schenckii complex isolates (4 μg/mL). 
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define the incidence and prevalence of feline sporo-
trichosis in Thailand.

In this study, most of the cats were young adult, 
male, and domestic shorthair cats that were seronega-
tive for FeLV and FIV. Those findings align with pre-
viously reported cases of 38 cats with sporotrichosis 
in Thailand during 2020–2022 (6). Young adult male 
cats exhibit roaming behaviors, which increases their 
exposure to pathogens. No specific breed has shown 
a predisposition for S. schenckii complex, and all cat 
breeds can be infected with this pathogen (6). The pre-
dominance of domestic shorthair cats likely reflects 
their high ownership in Thailand (23). Although ret-
rovirus infections impair immune function by reduc-
ing the CD4+/CD8+ lymphocyte ratio (24), we found 
no association between the isolates from cats with se-
ropositive retrovirus and those with non-WT pheno-
types. The occurrence of non-WT S. schenckii complex 
isolates might be associated with virulent strains or 
prior antifungal drug exposure, rather than the un-
derlying immune status of the host.

We used the CLSI M38-A3 BMD method as the 
reference standard for the surveillance of drug sus-
ceptibility in Sporothrix spp.; however, its complexity 
and the need for microbiological expertise limit its 
use in routine clinical settings. Commercially avail-
able antifungal drugs susceptibility testing platforms 
have limitations. The Vitek 2 (bioMérieux, https://
www.biomerieux.com) automated system is wide-
ly used for antifungal drug susceptibility testing of 
Candida spp. and Cryptococcus spp. (25). The Vitek 2 
has limited applicability for Sporothrix spp. because 
of the dimorphic nature and slow growth kinetics of 
the species. Likewise, discordance between Sensititer 
YeastOne (Thermo Fisher Scientific, https://www.
thermofisher.com) and the CLSI reference method 
has been reported (26). The Sensititer YeastOne pan-
el lacks key antifungal drugs, including terbinafine, 

which is the second-line treatment recommended 
drug for sporotrichosis (26,27). Using the CLSI M38-
A reference method is essential for establishing an 
accurate baseline of antifungal drug susceptibility, 
particularly because of the increasing number of spo-
rotrichosis cases in Thailand. The future development 
of user-friendly commercial antifungal drug suscepti-
bility testing platforms for Sporothrix spp. would sup-
port the routine diagnosis and clinical management of 
sporotrichosis among physicians and veterinarians.

In this study, we applied established ECVs for 
S. schenckii complex to distinguish between the WT 
and non-WT MIC distributions for amphotericin B, 
itraconazole, posaconazole, and voriconazole (21). A 
study-specific cutoff at MIC97.5 was used to character-
ize the susceptibility profile of the feline S. schenckii 
complex isolates from Thailand to terbinafine. Most 
of the testing isolates were obtained from clinical 
cases that were unresponsive to prior antifungal drug 
therapy or were specifically submitted for MIC test-
ing to guide veterinarians’ clinical decision-making. 
The high MIC values observed might reflect a sub-
set of reduced susceptibility or clinically challenging 
strains rather than the baseline susceptibility of feline 
S. schenckii complex isolates from Thailand.

Itraconazole demonstrated a remarkably re-
duced efficacy compared with previous data from an 
earlier outbreak in Thailand (6,8). In this study, most 
of the isolates were classified as non-WT to itracon-
azole by MIC50 and exhibited reduced susceptibility 
(MIC90 >32 µg/mL), which contrasts with previous 
findings in which most of the isolates were WT with 
MIC50 at 0.5 µg/mL and non-WT with MIC90 at 4 µg/
mL (6). The reduced susceptibility to itraconazole 
phenotypes we observed were reflected in the 16-fold 
increase in MIC50 and >8-fold increase in MIC90; a >4-
fold increase in these values is indicative of acquired 
reduced susceptibility in non-WT strains (12,28,29). 
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Table 4. Distribution of non-WT phenotypes and antifungal drugs with co-reduced susceptibility patterns based on itraconazole 
susceptibility among feline Sporothrix schenckii complex isolates in Thailand, 2023–2025 (n = 1,178) 
Itraconazole 
susceptibility phenotype 

No. drugs, 
non-WT Itraconazole reduced susceptibility patterns Frequency  Overall 

WT 0 None 491 (41.7) 491 (41.7) 
Non-WT 1 Itraconazole 321 (27.2) 321 (27.2) 

2 Itraconazole + posaconazole 165 (14.0) 270 (22.9) 
Itraconazole + amphotericin B 94 (8.0) 
Itraconazole + voriconazole 7 (0.6) 
Itraconazole + terbinafine 4 (0.3) 

3 Itraconazole + posaconazole + amphotericin B 74 (6.3) 88 (7.5) 
Itraconazole + posaconazole + terbinafine 7 (0.6) 

Itraconazole + posaconazole + voriconazole 5 (0.4) 
Itraconazole + voriconazole + amphotericin B 2 (0.2) 

4 Itraconazole + posaconazole + amphotericin B + terbinafine 6 (0.5) 8 (0.7) 
Itraconazole + posaconazole + amphotericin B + voriconazole 2 (0.2) 

*Values are no. (%) except as indicated. Non-WT is defined by previously reported epidemiologic cutoff values (21) and study-specific cutoff value (for 
terbinafine). Non-WT, non-wild-type; WT, wild-type. 
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Our findings align with previously reported MICs 
from feline and human isolates from Thailand that 
exhibited reduced susceptibility to itraconazole and 
identified non-WT isolates (7,10,18). Furthermore, 
among the itraconazole non-WT isolates, a high rate 
(31.1%) of cross-reduced susceptibility and multidrug 
reduced susceptibility was detected, with prominent 
reduced susceptibility to itraconazole/posaconazole 
and itraconazole/amphotericin B and the multidrug 
combination of itraconazole, posaconazole, and am-
photericin B. Cross-reduced susceptibility between 
itraconazole and posaconazole is often documented 
because both azole drugs share a common molecular 
target and overlapping binding sites within the ergos-
terol biosynthesis pathway (12). Moreover, the wide-
spread use of itraconazole in feline sporotrichosis in 
Thailand often involves prolonged or inconsistent 
dosing because of multiple factors, including drug 
cost, bioavailability, owner compliance, difficulties 
in administering medication to cats, zoonotic con-
cerns, and adverse effects. antifungal drug treatment 
is not subsidized, and financial constraints might 
affect treatment continuity. In addition, limited ac-
cess to veterinary care for stray cats and the absence 
of structured control programs might contribute to 
ongoing transmission. Those challenges can lead to 
treatment interruption or incomplete therapy, which 
might promote reduced susceptibility and multidrug 
resistance (12,30–33).

A reduction in susceptibility to amphotericin B is 
a concern. We found that the MIC50 had shifted 8-fold 
(from 0.5 to 4 µg/mL) compared with previous data, 
in which non-WT strains were not detected (6). Am-
photericin B is reserved for second-line therapy in 
severe disseminated sporotrichosis or in cases refrac-
tory to itraconazole (31,34). Most of the clinically chal-
lenging isolates in our study remained WT, with bor-
derline susceptibility to amphotericin B. The use of 
amphotericin B as an empirical choice in those cases 
without prior antifungal drugs susceptibility testing 
would therefore have been precarious, because am-
photericin B requires a minimum effective concentra-
tion of 4–8 µg/mL, which might risk dose-dependent 
nephrotoxicity (35).

Terbinafine is another second-line drug therapy 
used as a single treatment or in combination with 
itraconazole. Successful treatment with terbinafine 
remains controversial; some successful reports have 
been published in human and dog sporotrichosis 
cases, whereas the reported success rate in feline 
sporotrichosis caused by S. brasiliensis is low (36–
38). In Thailand, this drug has been used frequent-
ly in cats when S. schenckii has failed to respond to  

itraconazole, and terbinafine has previously shown 
low MICs among S. schenckii isolates from Thailand 
and Malaysia that share closely related genotypes 
(6,7,27). In our study, terbinafine was the most potent 
agent in vitro, with consistently low MICs (1.3-fold 
increase in MIC50 and no change in MIC90) compared 
with those in previous reports (6). Cross-drug and 
multidrug reduced susceptibility to terbinafine, itra-
conazole, and other drugs were extremely low, espe-
cially among the non-WT isolates in our study. Our 
findings align with those of previous studies suggest-
ing the use of terbinafine as an alternative drug for 
treating sporotrichosis against itraconazole non-WT 
isolates, either as a monotherapy or combined with 
posaconazole, on the basis of in vitro antifungal drug 
susceptibility testing and an in vivo Galleria mellonella 
model of S. schenckii infection (18).

This study had a very large and diverse collec-
tion of isolates from Thailand for in vitro susceptibil-
ity testing. Despite the clinically challenging nature 
of those isolates, terbinafine MICs remained stable 
and less variable than those of the other drugs, which 
indicated that the feline S. schenckii complex isolates 
from Thailand had a suitable susceptibility profile to 
terbinafine. We found diverse distributions of terbin-
afine MICs in the populations of S. schenckii complex 
native feline non-genotyped isolates from Thailand. 
In comparing our mode terbinafine value (mode 
MIC = 1 µg/mL) to that of a large, diverse population 
study (mode MIC  =  0.5 µg/mL) (21), the difference 
was only 2-fold and not significant for susceptibil-
ity testing. Because of the increasing need for ter-
binafine to treat feline sporotrichosis and the rising 
rate of zoonotic infections in Thailand, we proposed 
a study-specific cutoff of 4 µg/mL for terbinafine for 
S. schenckii species complex. That cutoff might help 
monitor reduced susceptibility and support effective 
antifungal drug use, particularly because of the re-
duced susceptibility to itraconazole among strains in 
Thailand. Furthermore, including strains from Thai-
land in MIC datasets for ECV determination would 
broaden global studies on the susceptibility profiles 
of zoonotic S. schenckii.

The first limitation of this study is lack of cor-
relation between the MICs and clinical treatment 
outcomes and the absence of disease severity analy-
sis for non-WT isolates. Second, molecular identifi-
cation was not performed to confirm species within 
the S. schenckii complex. Therefore, interpretation of 
MIC values based on ECVs for S. schenckii should be 
approached with caution. Feline sporotrichosis in 
Thailand is predominantly caused by S. schenckii s.s., 
supporting the use of those ECVs as a reference in 
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this study (6–8), though species-level identification 
remains limited. A recent study proposed updated 
ECVs for Sporothrix species, which have been ap-
proved by the CLSI subcommittee and are expected 
in a future supplement (A.R. dos Santos, et al. un-
pub. data, https://www.biorxiv.org/content/10.
64898/2025.12.19.695392v1). Those developments 
emphasize the necessity of species-level identifica-
tion and standardized criteria for antifungal drug 
susceptibility testing and the need for standardized 
protocols to ensure consistent interpretation across 
studies. Future studies incorporating molecular 
identification are warranted to validate species-level 
distribution and improve the accuracy of antifun-
gal drugs susceptibility interpretation. We primar-
ily provided descriptive and surveillance data on 
in vitro antifungal drug susceptibility patterns and 
evidence of cross-reduced susceptibility. However, 
treatment outcomes cannot yet be reliably predicted 
from susceptibility profiles.

In conclusion, we found an increasing number 
of confirmed feline sporotrichosis cases in Thailand, 
with 1,178 cases reported within a 3-year period, to-
gether with the occurrence of reduced itraconazole 
susceptibility. Those results suggest that reliance on 
empirical therapy alone might be insufficient in re-
fractory cases, as reduced susceptibility patterns can 
vary across regions and over time. In vitro drug sus-
ceptibility testing should be performed for disease 
surveillance and in selected complex cases.
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Wickerhamomyces anomalus (synonyms Hansenula 
anomala, Candida pelliculosa, and Pichia anomala) 

has been isolated from soil, grains, fruit juices, and 
animals (1). In agriculture, W. anomalus has been used 
in beer production and for fermentation of cocoa and 
coffee beans and is responsible for spoilage of bakery 
products (2). W. anomalus is also used in the biocon-
trol of molds, especially those that affect stored post-
harvest products (2). Although use in food and indus-
trial applications is common, clinically, W. anomalus 
is considered a rare emerging pathogen (3). Invasive 
disease by this agent has been reported mainly in 
low-birthweight infants admitted to neonatal inten-
sive care units (NICUs) (3–9), occasionally in adult 
immunocompromised patients (10,11), and as a cause 

of keratitis (12). The mortality rate for W. anomalus 
fungemia is estimated at 30%, comparable to other 
yeast pathogens in neonates (6). Although antifungal 
resistance is on the rise for several notorious yeasts 
like C. auris and C. parapsilosis, it appears to be rare for 
W. anomalus (8,13).

Of note, nosocomial clonal outbreaks have been 
reported mainly in NICUs or pediatric intensive care 
units (PICUs) (1,14). When W. anomalus fungemia is 
diagnosed in multiple patients in the same health-
care center, rapid and high-resolution genotyping is 
required to identify the source and prevent future 
cases (15). In this article, we report a large W. anoma-
lus fungemia outbreak spread across several health-
care facilities in Venezuela and apply descriptive 
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During August 2022–December 2023, a total of 110 blood-
stream infections caused by Wickerhamomyces anoma-
lus (synonym Candida pelliculosa) were identified across 
8 hospitals in 3 cities in Venezuela. Most cases (82/110 in 
Caracas) occurred in a single pediatric intensive care unit, 
predominantly among neonates. Molecular genotyping in-
dicated multiple events of clonal transmission, which was 

supported by epidemiologic clustering of patients. Antifun-
gal susceptibility testing demonstrated good in vitro activ-
ity; most isolates were classified as wild-type. Our findings 
underscore the need for enhanced fungal diagnostics, 
infection prevention measures, and national surveillance 
to mitigate hospital-associated fungal transmission in re-
source-limited settings.
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epidemiology, short tandem repeat (STR) analysis, 
and antifungal susceptibility testing (AFST) to char-
acterize the outbreak.

Material and Methods
We conducted a descriptive, retrospective investiga-
tion of bloodstream infections (BSIs) caused by W. 
anomalus in Venezuela during August 2022–Decem-
ber 2023. We defined a confirmed case as a patient 
with W. anomalus isolated from a blood culture in the 
presence of compatible clinical signs and symptoms 
of infection. We defined clinical criteria for suspected 
fungemia on the basis of established risk factors, such 
as prematurity, low birthweight, prolonged exposure 
to broad-spectrum antimicrobial agents, presence of 
a central venous catheter, and receipt of mechanical 
ventilation. Case notifications were received through 
the National Mycology Reference Network from 8 
hospitals across 3 cities: Caracas (Capital District), Los 
Teques (Miranda state), and Valencia (Carabobo state). 
Caracas, in the Capital District, lies near Venezuela’s 
northern coast; Los Teques (Miranda) is ≈18 miles (29 
km) southwest of Caracas; and Valencia (Carabobo) is 
≈110 miles (177 km) west of Caracas (Figure 1).

We extracted available demographic, clinical, and 
epidemiologic data from laboratory and hospital re-
cords where accessible. Clinical information was not 
uniformly available and could only be retrieved for a 

subset of cases. Case counts were plotted by epidemio-
logic week (EW) and location to describe temporal and 
spatial clustering. Because of the retrospective nature of 
the study, real-time intervention throughout the course 
of the outbreak was not feasible. We did not perform 
environmental sampling; the investigation was part of 
a national public health response and was therefore ex-
empt from institutional review board approval.

Isolates 
From a total of 110 documented cases of W. anomalus 
BSIs, 99 isolates from unique patients were available 
for this study. All isolates, initially identified using 
the automated VITEK 2 system (bioMérieux, https://
www.biomerieux.com) (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/32/6/25-1978-App1.
pdf), were stored according to standard procedures 
at −80°C. Isolates were grown on Sabouraud dextrose 
agar plates (Thermo Fisher Scientific, https://www.
thermofisher.com) at 30°C for 1 day before confirma-
tion of identification using matrix-assisted laser de-
sorption ionization-time of flight (MALDI-TOF) mass 
spectrometry as previously described (14).

MALDI-TOF Mass Spectrometry Identification  
and Data Analysis 
We identified isolates using MALDI-TOF mass spec-
trometry. We performed protein extraction following 
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Figure 1. Geolocations of reported Wickerhamomyces anomalus (formerly Candida pelliculosa) bloodstream infection outbreaks, Venezuela, 
2022–2023. The map shows the distribution of outbreaks across 8 hospitals in 3 cities: Caracas (Capital District; n = 5 hospitals), Los Teques 
(Miranda State; n = 1 hospital), and Valencia (Carabobo State; n = 2 hospitals). Caracas, located near Venezuela’s northern coast, represents 
the primary cluster. Los Teques lies ≈29 km southwest of Caracas, and Valencia is located ≈177 km west of Caracas. The geographic 
dispersion and clustering across multiple healthcare facilities are consistent with regional nosocomial transmission rather than a single point-
source event. Insets show location of the 3 states in Venezuela and the location of Venezuela in South America.
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the standard procedures recommended by Bruker 
(https://www.bruker.com). We acquired protein 
spectra using the MALDI Biotyper Sirius System, and 
identifications were generated with the MBT Com-
pass HT IVD database (Bruker).

In addition to species-level identification, we fur-
ther analyzed protein spectral data in MBT Compass 
Explorer to evaluate spectral relatedness among iso-
lates. This analysis included the generation of simi-
larity matrices and dendrograms using the software’s 
integrated data-processing algorithms.

STR Genotyping 
We extracted DNA from all cultured isolates with 
the MagNA Pure 96 instrument and MagNA Pure 
DNA and Viral NA Small volume kit (Roche, 
https://www.roche.com) according to the manu-
facturer’s instruction, as described previously (16). 
We performed multiplex PCR reaction amplifying 
6 previously described STR markers using a ther-
mocycler (Analytik Jena, https://www.analytik-
jena.us) under identical PCR conditions (14). We 
analyzed amplicons on a 3500 XL genetic analyzer 
(Thermo Fisher Scientific), determined copy num-
bers using GeneMapper version 5 software (Ther-
mo Fisher Scientific), and inferred phylogenetic 
relatedness between isolates using BioNumerics 
version 7.6.1 (bioMérieux, https://www.biomer-
ieux.com) (14).

Antifungal Susceptibility Testing 
We initially performed AFST using VITEK 2 AST-
YS01 cards (bioMérieux) and confirmed results using 
microbroth dilution Clinical and Laboratory Stan-
dards Institute (CLSI) reference standard M27 (17) 
using amphotericin B (Bristol Myers Squib, https://
www.bms.com), fluconazole (Merck, https://
www.merck.com), itraconazole (Johnson & John-
son, https://www.jnj.com), voriconazole (Pfizer, 
https://www.pfizer.com), posaconazole (Merck), 
isavuconazole (Merck), anidulafungin (Merck), and 
micafungin (Merck). We incubated microtiter plates 
at 35°C and visually interpreted them after 24 hours. 
We read MICs as the lowest antifungal concentra-
tion with a 50% growth reduction when compared 
with the growth control, except for amphotericin B 
with 100% growth reduction. We interpreted MICs 
according to epidemiologic cutoff values (ECVs) es-
tablished in CLSI reference standard M57S (18), spe-
cifically 1 µg/mL for amphotericin B, 8 µg/mL for 
fluconazole, 1 µg/mL for itraconazole, 0.12 µg/mL 
for micafungin, 2 µg/mL for posaconazole, and 0.25 
µg/mL for voriconazole.

Results

Chronological Narrative of Outbreak 
In August 2022, the National Mycology Reference 
Network in Venezuela received notifications of an 
unusual increase in yeast bloodstream isolates from 
the PICU at a public hospital in Caracas (hospital A). 
This signal was identified through routine laboratory- 
based surveillance, in a context where clinical and 
epidemiologic data were not systematically captured 
or shared with the national network. The first case of 
BSI caused by W. anomalus was identified during EW 
32 of 2022. During August 2022–December 2023, a to-
tal of 110 confirmed BSI cases were identified from 3 
cities: Caracas (n = 88 cases), Los Teques (n = 11 cas-
es), and Valencia (n = 11 cases) (Figure 2). Given the 
retrospective nature of this investigation, outbreak 
recognition and characterization occurred after trans-
mission had already been established, and no coordi-
nated real-time public health or infection prevention 
and control interventions were implemented consis-
tently throughout the course of the outbreak.

In Caracas, 5 hospitals were affected (hospi-
tals A–E); most cases (82 of 88) were concentrated 
at hospital A. Among Caracas cases, 61 (74%) cases 
occurred in the NICU/PICU, primarily among neo-
nates (<30 days of age). Although detailed clinical 
data were only available for a subset of patients, the 
concentration of cases in high-risk units and the tem-
poral clustering strongly support a nosocomial trans-
mission pattern, consistent with previous reports of 
W. anomalus outbreaks in NICU and PICU settings.

At hospital A, PICU cases occurred in an initial 
cluster from EW 32 of 2022 through EW 25 of 2023 
(43 cases), and 1 case occurred outside the PICU dur-
ing 2023 EW 3. A second cluster occurred outside the 
PICU from EW 27 through EW 36 of 2023 (17 cases), 
followed by 2 additional clusters: 1 in the PICU dur-
ing EWs 36–43 of 2023 (17 cases), another outside the 
PICU during EWs 43–45 of 2023 (3 cases), and 1 case 
at the PICU during EW 51 (Figure 2). The remaining 
6 cases from Caracas were distributed among other 
hospitals: 1 case at hospital B during EW 23 of 2023, 1 
case at hospital C during EW 31 of 2023, 1 case at hos-
pital D during EW 32 of 2023, and a cluster of 3 cases 
at hospital E during EWs 37–41 of 2023 (Figure 2).

In Los Teques, 11 cases were reported from hospi-
tal F. The first 2 cases were identified during EW 17 of 
2023, followed by 1 sporadic case in EW 24 of 2023 and a 
subsequent cluster of 8 cases during EWs 37–44 of 2023 
(Figure 2). In Valencia, 11 cases were reported during 
EW 11 of 2023. Ten cases were reported from hospital 
G, and 1 case was reported from hospital H (Figure 2).
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Epidemiologic Investigation 
The index case was reported in week 32 of 2022 (Figure 
2). Beginning in week 46 of 2022, cases were report-
ed at least every 3 weeks; 2 peaks occurred in weeks 
17 and 31 of 2023. The first peak occurred predomi-
nantly in hospital G in Valencia; those were the only 
reported cases in that particular week. Hospital A in 
Caracas reported cases throughout the entire study 
period. Although cases were initially restricted to the 
PICU, beginning in week 27 of 2023, the yeast was also 
found in non–intensive care wards. The investigation 
suggested nosocomial transmission within NICUs and 
PICUs. The clustering of cases by hospital unit and 
time strongly suggests horizontal transmission, most 
likely occurring through contaminated hands, infusion 
fluids, or reusable medical equipment. Despite the ab-
sence of comprehensive clinical and environmental 
data, the observed temporal clustering, concentration 
in specific hospital units, and spread across institu-
tions are consistent with an actual outbreak rather than 
a pseudo-outbreak, most likely driven by healthcare-
associated transmission mechanisms.

Patient Demographics and Clinical Characteristics 
Among the 110 patients, 68 (62%) were male and 42 
(38%) female. The median age was 11 days (interquar-
tile range 8–22 days). Most patients (99 [90%]) were  

neonates (0–30 days of age), 6 (5%) were infants (31–365 
days of age), 4 (4%) were preschool-aged children (1–5 
years), and 1 (1%) was an adult (a 37-year-old man).

Since January 20, 2023, Candida and other yeast 
infections have been included in the list of notifiable 
epidemiologic events in Venezuela (https://mpps.
gob.ve/wp-content/uploads/2023/02/G.O.-42.553-
20012023-ENO.pdf). However, at the time this out-
break occurred, surveillance was exclusively labora-
tory-based, and no standardized instrument existed 
for reporting epidemiologic or clinical data. Of the 
110 cases identified, epidemiologic and clinical infor-
mation was available for only 15 patients, all of whom 
were admitted to the PICU of hospital A. Those cas-
es occurred from EW 32 of 2022 through EW 17 of 
2023. In 8 of the 15 cases, we did not confirm iden-
tification by MALDI-TOF mass spectrometry or se-
quencing. The predominant risk factors among those 
15 patients were PICU admission, prematurity, and 
the presence of central venous catheters, all of which 
were reported in all cases. Hematologic abnormalities 
were frequent; thrombocytopenia was observed in all 
patients, followed by leukocytosis (10/15), anemia 
(6/15), and leukopenia (2/15).

Of the 15 patients, 7 initially received flucon-
azole at 12 mg/kg/day. In 6 of those cases, a change 
in antifungal treatment was required: 1 patient was 
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Figure 2. Epidemic curve of outbreak of Wickerhamomyces anomalus (formerly Candida pelliculosa) bloodstream infections, Venezuela, 
2022–2023. Curve is shown for 110 cases by epidemiologic week, with cases color-coded according to the medical center of origin 
(hospitals A–H). The distribution highlights temporal clustering of cases across multiple institutions, including a sustained cluster in the 
hospital A PICU and shorter, city-specific clusters in other centers. PICU, pediatric intensive care unit.
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switched to caspofungin (loading dose 70 mg/m2/d, 
maintenance dose 50 mg/m2/d, administered over 1 
h for 14 d) and 5 were switched to deoxycholate am-
photericin B (1 mg/kg/d, infused over 3 h). Among 
the 5 patients treated with deoxycholate amphoteri-
cin B, 1 died; however, the antifungal response in 
this case was favorable, and death was attributed to 
complications of the underlying disease rather than 
to fungal infection.

In the remaining 8 patients, deoxycholate ampho-
tericin B was used as the initial antifungal therapy. 
In 1 of those patients, treatment was subsequently 
changed from deoxycholate amphotericin B to caspo-
fungin. Of the 8 patients who started therapy with 
deoxycholate amphotericin B, 1 died because of un-
derlying medical conditions; another patient initially 
treated with deoxycholate amphotericin B and later 
switched to caspofungin died from causes directly as-
sociated with persistent candidemia.

Microbiological Findings 
We performed initial identification of the isolates 
using the automated VITEK 2 system (bioMérieux), 
which identified all isolates as C. pelliculosa (W. anom-
alus). Because this identification was uncommon, 
we sent viable isolates (n = 99) to the Department of 
Medical Microbiology and Immunology, Canisius-
Wilhelmina Hospital (CWZ)/Dicoon, Nijmegen, the 
Netherlands, for confirmation by MALDI-TOF mass 
spectrometry and molecular analysis.

Overall, the results obtained with the VITEK 2 
system (bioMérieux) were consistent with those from 
MALDI-TOF MS; all isolates were accurately identi-
fied as W. anomalus (log-score >2.0). Using the VITEK 
2 AST-YS01 cards, 4 (4%) of 99 isolates exhibited a 
MIC >32 µg/mL for fluconazole, 18 (18%) exhibited a 
MIC >0.25 µg/mL for voriconazole, and 4 (4%) had a 
MIC >2 µg/mL for amphotericin B. We subsequently 
tested the 99 W. anomalus isolates with CLSI broth mi-
crodilution against 8 antifungals, demonstrating ma-
jor discrepancies with the VITEK 2 system (bioMéri-
eux). All antifungals demonstrated potent in vitro 

activity; echinocandins showed the lowest MIC50 of 
<0.008 µg/mL (Table). For the azoles, isavuconazole 
had the highest in vitro activity with a MIC50 of 0.031 
µg/mL. Because breakpoints are absent for W. anoma-
lus, available CLSI ECVs were applied, resulting in 
classification of 1 isolate (L-13) as non–wild-type for 
fluconazole (MIC 8 µg/mL) and 1 isolate (L-03) as 
non–wild-type for voriconazole (MIC 0.25 µg/mL), 
although the MICs of both isolates were at the cutoff 
value. For amphotericin B, itraconazole, micafungin, 
and posaconazole, all isolates were classified as wild-
type (Appendix Table 2).

Outbreak Investigation 
We assessed genetic relatedness between isolates with 
STR genotyping for all 99 W. anomalus isolates, result-
ing in 22 genotypes with 7 large clusters that con-
sisted of 4–39 isolates (Figure 3). Only 1 large cluster 
(genotype 6) was confined to a single center; smaller 
clusters were found in 2–3 centers. Only genotypes 14 
and 19 were found in both 2022 and 2023, whereas the 
other clusters were found exclusively in 2023.

MALDI-TOF mass spectrometry–based dendro-
gram analysis also separated W. anomalus isolates 
according to geographic origin. Los Teques isolates 
formed a tight and highly similar cluster, whereas 
Valencia isolates showed higher heterogeneity, in-
cluding 1 isolate forming a distinct group and the re-
maining isolates clustering within a small branch that 
further resolved into different subclusters. In con-
trast, isolates from Caracas displayed broader disper-
sion across multiple subclusters, highlighting greater 
heterogeneity within this region. Concordance be-
tween molecular (STR) and proteomic (MALDI-TOF) 
approaches supports the robustness of the observed 
population structure and highlights the predomi-
nance of a major Caracas-associated clone (Figure 4).

Discussion
This investigation describes an outbreak of W. anomalus 
BSIs involving 110 patients across 3 cities and 8 hospi-
tals in Venezuela during 2022–2023. A pseudo-outbreak 
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Table. In vitro antifungal susceptibility testing metrics of 99 Wickerhamomyces anomalus isolates in study of outbreak of W. anomalus 
(formerly Candida pelliculosa) bloodstream infections, Venezuela, 2022–2023* 
Antifungal Range Geometric mean MIC50 MIC90 
Amphotericin B 0.063–0.25 0.077 0.063 0.125 
Fluconazole 1–8 1.99 2 2 
Itraconazole 0.031–0.25 0.068 0.063 0.125 
Voriconazole 0.031–0.25 0.064 0.063 0.125 
Posaconazole 0.031–0.25 0.059 0.063 0.063 
Isavuconazole 0.016–0.125 0.029 0.031 0.063 
Anidulafungin ≤0.008–0.031 0.01 ≤0.008 0.016 
Micafungin ≤0.008–0.063 0.012 ≤0.008 0.031 
*Values are µg/mL. In vitro antifungal susceptibility testing was conducted using the Clinical and Laboratory Standards Institute M27 broth microdilution 
(17). MIC50, MIC that inhibits 50% of isolates; MIC90, MIC that inhibits 90% of isolates. 
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was ruled out on the basis of several findings. Cases 
occurred over an extended period with recurrent unit-
level clustering, involved multiple hospitals and cities, 

and affected patients with consistent clinical and labo-
ratory features suggestive of true infection. In addition, 
the identification of multiple genotypes supports noso-
comial transmission rather than a single contamination 
source, making a pseudo-outbreak unlikely. Previous 
reports of W. anomalus outbreaks describe relatively 
small clusters, typically ranging from 5 to 20 cases of 
BSIs, except for a large outbreak from India consisting 
of 379 cases (4). Most reported cases occurred in NICU 
or pediatric wards in Asia (India, China, Korea, Taiwan, 
and Pakistan) and Latin America (Brazil) (1,4–9,11,19–
21). Despite its reported low virulence, W. anomalus can 
cause severe infections in highly vulnerable patients, 
particularly preterm neonates and critically ill children 
exposed to invasive medical procedures (1,4–9,11,19–21).

The marked predominance of neonatal cases and 
the clustering within PICUs and NICUs in the out-
break we report strongly support a pattern of hospi-
tal-associated transmission. Similar outbreaks have 
previously been linked to contaminated intravenous 
fluids, parenteral nutrition, reusable medical equip-
ment, or healthcare workers’ hands (1,4,6–9,19,21). In 
this outbreak, the temporal and spatial aggregation of 
cases with an uncommon yeast within specific hospital 
units, along with molecular evidence of clonal related-
ness as shown by STR genotyping (15), further sup-
ports nosocomial spread. Nonetheless, whole-genome 
sequencing is needed to confirm clonal transmission.

Hospital A, where most cases occurred, exhibited 
multiple epidemic peaks, suggesting persistent or re-
current environmental contamination or inadequate 
infection prevention and control measures. The de-
velopment of concurrent clusters in hospitals from 
different cities also points to systemic weaknesses in 
infection control practices and limited local laboratory 
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Figure 3. Short tandem repeat genotyping of 99 
Wickerhamomyces anomalus isolates in study of outbreak 
of W. anomalus (formerly Candida pelliculosa) bloodstream 
infections, Venezuela, 2022–2023. Minimum-spanning tree of 99 
W. anomalus isolates based on microsatellite markers. Branch 
lengths indicate similarity between isolates with thick solid lines 
(variation in 1 allele), thin solid lines (variation in 2 alleles), and 
thin dotted lines (variation in >4 alleles). Isolates are colored 
according to the city and hospital of origin; parenthetical values in 
the legend represent the number of isolates.

Figure 4. Matrix-assisted laser 
desorption/ionization time-
of-flight mass spectrometry–
based dendrogram showing 
spectral relatedness among 
Wickerhamomyces anomalus 
isolates in study of outbreak of 
W. anomalus (formerly Candida 
pelliculosa) bloodstream 
infections, Venezuela, 
2022–2023. Clustering reflects 
geographic origin.
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capacity for early fungal detection. Those findings em-
phasize the urgent need for strengthened hospital hy-
giene programs, environmental monitoring, and labo-
ratory-based fungal surveillance at the national level.

Antifungal susceptibility testing revealed that 
nearly all isolates remained susceptible (wild-type) 
to amphotericin B, echinocandins, and azoles, con-
sistent with previous reports describing W. anomalus 
as generally susceptible to conventional antifungal 
agents. However, when interpreted with the ECVs es-
tablished for C. albicans, W. anomalus has higher MICs 
for flucytosine, itraconazole, voriconazole, and flu-
conazole (1,20,22). Therefore, the detection of isolates 
with elevated MICs to fluconazole and amphotericin 
B warrants attention. For agents like isavuconazole 
and anidulafungin, for which formal ECVs are not yet 
defined, we applied European Committee on Antimi-
crobial Susceptibility Testing cutoffs (0.25 µg/mL and 
0.125 µg/mL), classifying all isolates in this analysis 
as wild-type (23). This overall susceptibility pattern 
contrasts with recent reports from other regions. A 
recent study from India reported that 50/70 (72%) W. 
anomalus isolates were non–wild-type for fluconazole, 
17% demonstrated cross-resistance with voriconazole, 
and 1.4% demonstrated cross-resistance with mica-
fungin (24). Furthermore, a pan–azole-resistant and  
pan–echinocandin-resistant W. anomalus bloodstream 
isolate has been recently described in China (25). Those 
findings suggest that while susceptibility remains com-
mon, the emergence of resistance, particularly multi-
drug resistance, poses a potential threat to clinical man-
agement, especially in resource-limited settings (26).

The MALDI-TOF mass spectrometry dendrogram 
corroborated those findings and revealed a strong as-
sociation between clustering patterns and geographic 
origin, while also indicating potential epidemiologic 
links beyond individual healthcare institutions. Iso-
lates from Los Teques and Valencia formed compact, 
highly similar clusters, whereas Caracas isolates were 
distributed across multiple branches. The detection of 
genetically and proteomically related isolates across 
different locations suggests possible shared sources, 
delayed recognition of transmission events, or gaps 
in local surveillance capacity. In addition to cluster-
ing, MALDI-TOF mass spectrometry successfully 
identified all isolates at the species level, confirming 
its reliability for fast and accurate identification of W. 
anomalus. Although MALDI-TOF mass spectrometry 
enabled rapid and reliable identification in this study, 
its availability and cost may limit use in resource-
constrained settings such as Venezuela. In many hos-
pitals, access remains restricted to reference labora-
tories, highlighting the need for more accessible and 

scalable diagnostic alternatives to support timely de-
tection of fungal bloodstream infections.

The main limitation of this investigation was the 
limited access to clinical data from most cases. Strength-
ening data integration between clinical and laboratory 
systems would substantially improve the early detec-
tion and management of future fungal outbreaks. This 
outbreak highlights the capacity of uncommon yeasts, 
such as W. anomalus, to cause large-scale nosocomial 
infections under conditions of limited infection control 
and microbiological oversight. Continuous training of 
healthcare personnel, the adoption of rapid yeast iden-
tification tools (e.g., MALDI-TOF mass spectrometry), 
and the implementation of structured mycological sur-
veillance networks are essential measures to mitigate 
similar events in the future.

In conclusion, this multicenter outbreak under-
scores the need for sustained vigilance for opportu-
nistic yeasts in hospital settings, especially in neonatal 
and pediatric units. Strengthening diagnostic capacity, 
reinforcing infection prevention and control programs, 
and integrating fungal BSIs into national surveillance 
systems are critical to prevent recurrence and improve 
patient outcomes in Venezuela and similar settings.
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Wickerhamomyces anomalus (synonym Candida pel-
liculosa, Pichia anomala, and Hansenula anomala) 

is an uncommon opportunistic yeast increasingly 
recognized as a cause of healthcare-associated infec-
tions, particularly in neonatal and pediatric intensive 
care units, and is associated with contaminated medi-
cal devices and inadequate infection control practices 
(1–11). Although the yeast is part of the environmen-
tal and sometimes human microbiota, under certain 
conditions it can cause invasive disease, especially in 
immunocompromised or critically ill patients (10). W. 
anomalus was overrepresented in bloodstream infec-
tions (BSIs) among persons who use intravenous drugs 
and is increasingly recognized as an emerging oppor-
tunistic pathogen (12).

In recent years, several healthcare-associated out-
breaks caused by this yeast have been documented. 
In 2025, a cluster of W. anomalus BSIs was identified 
in Pereira, Colombia. The affected population consist-
ed predominantly of neonatal and pediatric patients 
with severe underlying conditions and multiple in-
vasive exposures. We describe the clinical, microbio-
logical, and epidemiologic characteristics of the out-
break, as well as the infection control measures that 
were implemented and microbiological findings sup-
porting clonal transmission.

Material and Methods
The outbreak investigation was conducted in accor-
dance with the national guidelines and protocols of 
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During March–July 2025, ten cases of Wickerhamomy-
ces anomalus bloodstream infection were identified in 
Pereira, Colombia, mainly affecting pediatric patients; 9 
cases occurred in children (8 neonates and a 5-year-old 
girl) and 1 case was in an adult. Most neonates were 
preterm and had multiple underlying conditions, such 
as congenital anomalies, respiratory complications, 
and adverse perinatal conditions, often compounded 
by limited prenatal care and maternal infections. All pa-
tients required intensive medical interventions, including 
central and peripheral venous catheters, mechanical  

ventilation, parenteral nutrition, and, in some cases, sur-
gical procedures. Broad-spectrum antibacterial therapy 
was widely used, and antifungal treatment, primarily ca-
spofungin, was initiated in half of cases. Antifungal sus-
ceptibility testing demonstrated low MICs for all agents. 
Short tandem repeat genotyping of 6 isolates indicated 
clonal transmission, supporting a healthcare-associated 
outbreak. Despite prolonged hospitalizations and severe 
clinical conditions, all patients survived, highlighting the 
importance of prompt diagnosis, strict infection control, 
and appropriate antifungal management.
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the Healthcare-Associated Infections Program of the 
Instituto Nacional de Salud of Colombia. Epidemio-
logic investigation, case identification, implementa-
tion of infection prevention and control measures, 
and data collection followed protocols established by 
the national surveillance system for healthcare-asso-
ciated infections. This study was conducted as part 
of a public health outbreak investigation; therefore, 
institutional review board approval and informed 
consent were not required.

We collected clinical, epidemiologic, and microbi-
ological data from patients from hospital records and 
laboratory databases as part of the outbreak investi-
gation and control activities. We defined age groups 
as follows: neonates (0–30 days of age), infants (31–
364 days of age), preschool-aged children (1–5 years 
of age), school-aged children (6–12 years of age), ado-
lescents (13–17 years of age), and adults (>18 years 
of age). We extracted data on patient demographics, 
underlying conditions, exposure to invasive proce-
dures, antimicrobial therapy, and clinical outcomes 
using a standardized case report form designed for 
outbreak investigations. We accessed institutional 
infection prevention records to document infection 
control measures implemented during the outbreak. 
We performed descriptive statistical analyses with 
categorical variables summarized as frequencies and 
percentages and continuous variables summarized as 
medians and ranges. All procedures were conducted 
in accordance with institutional guidelines for out-
break investigation and response.

We processed blood cultures using aerobic and 
anaerobic BACT/ALERT bottles and incubated them 
in the BACT/ALERT VIRTUO (bioMérieux, https://
www.biomerieux.com) system. We initially identi-
fied yeast isolates using the VITEK 2 system with the 
YST identification card (bioMérieux) and confirmed 
identification by using matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry and 
molecular sequencing.

We performed antifungal susceptibility testing 
(AFST) with the VITEK 2 YST AST card (bioMérieux), 
followed by confirmatory testing with a broth microdi-
lution testing according to the Clinical and Laboratory 
Standards Institute (CLSI) reference standard M27 (13). 
We prepared fluconazole, voriconazole, anidulafungin, 
and amphotericin B stock solutions in dimethyl sulfox-
ide and made subsequent dilutions RPMI 1640 medi-
um. In microdilution plates, we combined 2-fold serial 
dilutions of antifungals with a yeast inoculum stan-
dardized to 1–5 × 103 CFU/mL in a final volume of 200 
µL/well. After 24 hours of incubation at 35°C, we deter-
mined MICs visually. We defined the MIC endpoints  

as the lowest drug concentration that produced >50% 
growth inhibition for the azoles (fluconazole, voricon-
azole) and anidulafungin and 100% growth inhibition 
for amphotericin B, compared with the drug-free con-
trol well. We ensured quality control using C. parapsi-
losis ATCC 22019 and C. krusei ATCC 6258.

For short tandem repeat (SRT) genotyping, we ex-
tracted DNA from all cultured isolates with the Mag-
NA Pure 96 instrument and MagNA Pure DNA and 
Viral NA Small volume kit (Roche, https://www.
roche.com) according to the manufacturer’s instruc-
tions, as described previously (14). We performed 
multiplex PCR reaction amplifying 6 previously de-
scribed STR markers with a thermocycler (Analytik 
Jena, https://www.analytik-jena.us) under identi-
cal PCR conditions (14). We analyzed amplicons on 
a 3500 XL genetic analyzer (Thermo Fisher Scien-
tific, https://www.thermofisher.com), determined 
copy numbers using GeneMapper version 5 software 
(Thermo Fisher Scientific), and inferred phylogenetic 
relatedness between isolates using BioNumerics ver-
sion 7.6.1 (bioMérieux) (14).

Results

Description of Cases 
A total of 10 cases of BSI caused by W. anomalus were 
identified in 1 healthcare institution in Pereira, Ri-
saralda Department, Colombia, during March–July 
2025, epidemiologic weeks (EWs) 10–30 (Figure 1). Of 
the 10 case-patients, 6 were female and 4 were male. 
Nine cases occurred in pediatric patients, 8 neonates 
(<30 days of age) and 1 infant (a 5-year-old girl); 1 
case was reported in a 65-year-old woman.

Of the 10 patients, 7 were admitted to the neona-
tal intensive care unit (NICU), 1 was admitted to the 
intermediate neonatal care unit, and 2 (the infant and 
the adult patient) were admitted through the emer-
gency department. Two of the 10 case-patients were 
referred from other healthcare institutions.

The median time from hospital admission to on-
set of symptoms was 17 (range 6–47) days. Peripheral 
blood cultures were collected on the same day clini-
cal signs and symptoms first appeared. The median 
interval from blood culture collection to the report of 
a positive result was 5 (range 2–14) days. The median 
time from hospital admission to microbiological con-
firmation of infection was 27 (range 11–50) days.

Initial identification of the isolates was performed 
using the automated VITEK 2 system, which identified 
the organisms as Candida pelliculosa (currently classi-
fied as W. anomalus). Because of the uncommon nature 
of this identification, all isolates were reported to the 
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central laboratory of the State Department of Health 
of Risaralda, then referred to the National Institute of 
Health, according to the national guidelines for submis-
sion of compulsory notification of mycosis (https://
www.ins.gov.co/BibliotecaDigital/criterios-para-el-
envio-de-aislamientos-bacterianos-y-levaduras-gene-
ro-candida-spp-recuperados-en-iaas-para-confirmaci-
on-de-mecanismos-de-resistencia-2024.pdf). Isolates 
were also referred for confirmatory testing using ma-
trix-assisted laser desorption/ionization time-of-flight 
mass spectrometry (Bruker, https://www.bruker.
com) and molecular analysis, as well as antifungal 
susceptibility testing. Those procedures were con-
ducted by the Grupo de Microbiologia at the Instituto 
Nacional de Salud (Bogotá, Colombia); the Studies in 
Translational Microbiology and Emerging Diseases 
Research Group, School of Medicine and Health Sci-
ences, Universidad del Rosario (Bogotá, Colombia); 
the Division of Infectious Diseases, Escola Paulista 
de Medicina–Universidade Federal de São Paulo (São 

Paulo, Brazil); and the Department of Medical Micro-
biology and Immunology, Canisius-Wilhelmina Hos-
pital/Dicoon (Nijmegen, the Netherlands).

AFST results obtained with the VITEK 2 YST AST 
card (bioMérieux) were concordant with the reference 
broth microdilution method performed according to 
CLSI (13). Both methods confirmed that W. anomalus 
isolates exhibited low MIC values for all antifungal 
agents tested. The reference CLSI method yielded the 
following results: the MIC range (and mode) for flu-
conazole was 2–4 µg/mL (4 µg/mL), for itraconazole 
was 0.06–0.25 µg/mL (0.12 µg/mL), and for ampho-
tericin B was 0.25–1 µg/mL (0.5 µg/mL). All isolates 
had an anidulafungin MIC of <0.03 µg/mL. Given 
the absence of both clinical breakpoints and epide-
miologic cutoff values for W. anomalus from CLSI, no 
formal interpretation (e.g., susceptible, resistant, or 
non–wild-type) can be assigned to those results.

Of 10 available isolates, 6 (cases 5–10) were 
subjected to genotypic analysis (Table 1). To assess  
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Figure 1. Epidemic curve 
of bloodstream infections 
caused by Wickerhamomyces 
anomalus during healthcare-
associated outbreak, Pereira, 
Colombia, March–July 2025. 

 
Table 1. Summary of comorbidities and intrinsic risk factors of patients with Wickerhamomyces anomalus fungemia during healthcare-
associated outbreak, Pereira, Colombia, 2025 
Case Underlying conditions Intrinsic risk factors 
1 Esophageal atresia Age 15 d. Cesarean delivery, transverse fetal position, 

neonatal hypotonia. Referred from another hospital 
2 Trisomy 21 Age 10 d. Poor neonatal adaptation, Cesarean delivery 
3 Fetal growth restriction, polyhydramnios Age 18 d. Prematurity (37.5 wks), suspected 

tracheoesophageal fistula 
4 Neonatal hypoxia, respiratory distress Age 30 d. No prenatal care, meconium-stained fluid, maternal 

infection. Referred from another hospital 
5 Respiratory distress syndrome Age 14 d. Prematurity (32 wks), rupture of membranes, 

gastrointestinal bleeding 
6 Hyaline membrane disease, suspected congenital pneumonia Age 30 d. Extreme prematurity (28.5 wks), high septic risk 
7 Suspected neonatal sepsis Age 5 y. Fever, leukocytosis, abdominal discomfort 
8 Respiratory failure, apnea Age 30 d. Prematurity (31.5 wks), twin pregnancy, growth 

restriction 
9 Upper gastrointestinal bleeding (adult case) Age 63 y. Prior hospitalization, incomplete diagnostic workup 
10 Prematurity (34.1 weeks) Age 30 d. Twin pregnancy, no prenatal care 
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genetic diversity and potential transmission patterns, 
we performed STR genotyping and compared our re-
sults to control outbreak isolates from Venezuela and 
Brazil. The STR profiles indicated clonal transmission, 
because all 6 isolates exhibited an identical genotype 
suggesting a common source or closely linked trans-
mission chain (Figure 2).

Summary of Underlying Conditions and  
Intrinsic Risk Factors 
The analyzed cases primarily involved neonates with 
multiple underlying conditions and intrinsic risk fac-
tors for candidemia. Congenital anomalies were com-
mon, including esophageal atresia, more occasionally 
tracheosophageal fistula, and suspected trisomy 21. 
Prematurity was reported in 3 patients; gestational 
age ranged from 28.5 to 37.5 weeks. Prematurity was 
frequently accompanied by severe respiratory com-
plications, such as respiratory distress syndrome, 
hyaline membrane disease, apnea, and requirement 
for intubation and mechanical ventilation. Additional 
perinatal complications included fetal growth restric-
tion and twin pregnancies, which both contributed to 
increased neonatal vulnerability (Table 1).

Maternal factors also played a role. Absence of 
prenatal care, untreated vaginal infections, prema-
ture rupture of membranes, and meconium-stained 
amniotic fluid were recurrent findings. Those  

conditions were associated with neonatal hypoxia, 
hypotonia, low Apgar scores, and episodes of hypo-
glycemia. Several neonates were at high risk for sep-
sis, frequently linked to maternal fever, leukocytosis, 
and suspected congenital pneumonia. An isolated 
case of upper gastrointestinal bleeding was docu-
mented in an adult patient, unrelated to the neonatal 
population (Table 1). Overall, the main predisposing 
factors identified were prematurity, congenital mal-
formations, respiratory complications, and adverse 
maternal conditions, underscoring the importance 
of comprehensive perinatal management and close 
clinical monitoring from birth.

Common Exposure Factors 
Across the analyzed cases, several invasive procedures 
and therapeutic interventions were consistently iden-
tified. The most frequent exposure factors included 
epicutaneous and central venous catheters, as well as 
umbilical arterial and venous lines, which were often 
maintained for extended periods. Endotracheal me-
chanical ventilation was common, particularly among 
neonates with respiratory distress. Parenteral nutrition 
was widely administered (n = 9), reflecting the presence 
of gastrointestinal complications and the need for post-
operative nutritional support (Table 2). Multiple surgi-
cal procedures were performed, including laparotomy; 
intestinal resection and anastomosis; correction of 
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Figure 2. Minimum-spanning 
tree of Wickerhamomyces 
anomalus genotypes based 
on short tandem repeat 
genotyping in study of W. 
anomalus fungemia during 
healthcare-associated 
outbreak, Pereira, Colombia, 
2025. Isolates from Colombia 
are compared with control 
isolates from Venezuela and 
Brazil (1,15).
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malrotation and duodenal atresia; colostomy or ileos-
tomy; and peritoneal lavage, frequently accompanied 
by abdominal drainage or the use of negative pressure 
therapy devices. Endoscopic procedures such as esoph-
agogastroduodenoscopy were also reported (Table 2). 
Overall, these findings highlight the high frequency of 
invasive device use, complex surgical interventions, 
parenteral nutrition, and broad antimicrobial exposure, 
factors that collectively predispose patients to nosoco-
mial infection and associated complications.

Invasive Devices and Surgical Interventions 
Invasive device use was a predominant feature 
among all analyzed cases, reflecting the complexity of 
care required for critically ill neonatal and pediatric 
patients. Peripheral and epicutaneous catheters were 
the most frequently used devices; peripheral catheters 
were documented in 9 (90%) cases and epicutaneous 
catheters were documented in 8 (80%) cases, primar-
ily for prolonged intravenous therapy and parenteral 
nutrition. Endotracheal tubes were also placed in 8 
(80%) cases and were most commonly associated with 
mechanical ventilation during surgical procedures 
or respiratory distress management. Central venous 
catheters were inserted in 3 (30%) patients, requiring 
advanced hemodynamic monitoring or administra-
tion of multiple drugs, whereas umbilical venous 
and arterial catheters were used in 1 neonate (10%)  
during early stabilization. Other less frequently re-
ported devices included femoral and jugular cath-
eters and thoracostomy tubes (each reported 1 case 
[10%]), generally related to complex postoperative 
care (Table 2; Figure 3).

Device exposure was often simultaneous and 
prolonged; epicutaneous or peripheral catheters used 
in combination with endotracheal tubes were the 
most prevalent. The cumulative exposure to multiple 
invasive devices, coupled with extended parenteral 
nutrition and sequential broad-spectrum antimicro-
bial therapy, highlights the increased vulnerability 

of this population to healthcare-associated infections. 
Extensive surgical interventions were also document-
ed, particularly in neonates with congenital or gas-
trointestinal anomalies. In 1 complex case, multiple 
abdominal surgeries were required to manage con-
genital malformations and postoperative complica-
tions, culminating in esophageal reconstruction with 
gastric interposition. The timeline of interventions 
and identified risk factors illustrates the temporal 
overlap of hospitalizations, clinical procedures, and 
key events such as central venous catheter manipula-
tion and antifungal therapy initiation, which togeth-
er highlight potential periods of common exposure 
and support the hypothesis of healthcare-associated 
transmission (Figure 3).

Summary of Antimicrobial Therapy Use 
According to hospital protocol, antibiotic therapy 
in neonates was initiated upon the diagnosis of sep-
sis; all neonates received antibiotics per protocol. In 
adults, antibiotic therapy was initiated only in pa-
tients with documented bacterial coinfection. Antimi-
crobial exposure was extensive across all cases; mul-
tiple sequential and combination regimens. β-lactams 
were the most frequently used class in all cases. 
Among those, ampicillin was administered in 6 cases 
(60%), oxacillin was administered in 4 cases (40%), 
and cefepime was administered in 4 cases (40%). Ce-
fotaxime and ampicillin/sulbactam were each used 
in 2 cases (20%), whereas piperacillin/tazobactam, 
meropenem, and ertapenem were documented in 3 
cases (30%) (Table 3). Aminoglycosides were highly 
prevalent; gentamicin was used in 7 cases (70%) and 
amikacin was used in 6 cases (60%). Vancomycin was 
administered in 6 cases (60%), primarily for gram-
positive coverage. Metronidazole was included in 6 
cases (60%) for anaerobic coverage in abdominal sur-
gical scenarios (Table 3).

Antifungal therapy (caspofungin) was initiated in 
all cases; in 1 case, fluconazole was documented after 
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Table 2. Common exposure factors identified in cases of Wickerhamomyces anomalus fungemia during healthcare-associated 
outbreak, Pereira, Colombia, 2025 
Exposure factor Frequency, no. (%) n = 10 Clinical context 
Epicutaneous catheter 8 cases (80) Long-term intravenous therapy, parenteral nutrition 
Peripheral catheter 9 cases (90) Initial intravenous access, supportive therapy 
Central venous catheter 3 cases (30) Advanced monitoring, multiple drug infusions 
Umbilical venous/arterial catheter 1 case (10) Neonatal stabilization 
Endotracheal tube 8 cases (80) Airway management, mechanical ventilation 
Nasofibrolaryngoscopy 1 case (10) Diagnostic airway evaluation 
Thoracostomy tube 1 case (10) Pleural drainage postsurgery 
Femoral catheter 1 case (10) Complex surgical/postoperative care 
Jugular catheter 1 case (10) Additional vascular access 
Parenteral nutrition 9 cases (90) Nutritional support in gastrointestinal surgery or prematurity 
Major abdominal surgery 6 cases (60) Laparotomy, intestinal resection, anastomosis 
Antimicrobial therapy 10 cases (100) Empiric and targeted treatment for infection risk 
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a switch from caspofungin after 7 days of treatment, 
and fluconazole was administered for an additional 
6 days. The average duration of caspofungin therapy 
was 14 days (range 7–22 days) (Table 3).

Overall, antimicrobial regimens were character-
ized by frequent changes and combination therapy. 
Those factors reflect the complexity of infections and 
surgical interventions in critically ill neonates and  
pediatric patients.

Containment and Infection Control Measures 
After the detection of fungal BSIs, a series of infec-
tion control interventions were implemented and 
reinforced. Environmental disinfection with sodium 
dichloroisocyanurate was intensified, progressively 
increasing the chlorine concentration in NICUs and 
PICUs to 4,000 ppm. Cleaning and disinfection rou-
tines were performed >2×/day; deep terminal clean-
ing was conducted weekly. For patients who had in-
vasive devices, bathing using chlorhexidine (2%) was 
standardized to 3×/week and later increased to daily 
practice. Hygiene audits and staff training sessions 
were conducted weekly to reinforce hand hygiene 
and aseptic techniques. Environmental surveillance, 
including surface cultures from critical areas such as 
parenteral nutrition preparation rooms and air cir-
culation systems, was performed biweekly to assess 

microbial contamination and guide interventions. 
Following the hospital infection control manual, sur-
veillance cultures were obtained from all 8 neonatal 
incubators. Specimens were collected from internal 
surfaces where infants were placed and from the 
drainage systems that remove the water generated by 
incubators. In addition, environmental cultures were 
obtained from operating rooms (6 samples). All cul-
tures yielded negative results.

Outcomes 
All patients had negative follow-up blood cultures 
at 72 hours after initiation of antifungal therapy. The 
median length of hospital stay was 44 days, and all 
patients were discharged alive.

Discussion
This outbreak of 10 bloodstream infections caused 
by W. anomalus highlights the vulnerability of criti-
cally ill neonates and pediatric patients to emerging 
opportunistic fungal pathogens. Although several 
outbreaks have been reported over the years (Table 
4), few studies have used robust molecular genotyp-
ing for confirmation. We used a recently developed 
panel of 6 highly polymorphic microsatellite mark-
ers, validated with whole-genome sequencing single-
nucleotide polymorphism calling, to detect a fungemia  
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Figure 3. Timeline of clinical events during outbreak of Wickerhamomyces anomalus fungemia in Pereira, Colombia, March–July 2025. 
Each bar represents the hospitalization period of each affected patient; symbols indicate key clinical events. Male patients are indicated 
with ♂, female patients with ♀, pediatric patients with white circle, adult patient with a filled circle. BC, blood culture; CVC, central 
venous catheter.
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outbreak of W. anomalus in a single hospital in Colom-
bia and compared results with previously published 
outbreaks in Venezuela and Brazil (1,20). All Colombia 
isolates displayed an identical genotype, and the STR 
assay is known to have a high discriminatory power, 
strongly suggesting clonal transmission, which is sup-
ported by the epidemiologic data. Nonetheless, WGS 
is needed for confirmation of the nosocomial transmis-
sion (20). Curiously, the Colombia isolates clustered 
with the Venezuela isolates; some even displayed iden-
tical genotypes. That clustering indicates transmission 
between those countries, which could be encouraged 
by patient transfer. Alternatively, a population of W. 
anomalus could have spread within the environments 
of Colombia and Venezuela recently, after which the 
patients acquired the yeast from there.

The predominance of cases in neonates, particu-
larly preterm infants with multiple underlying con-
ditions, underscores the interplay of intrinsic risk 
factors, such as prematurity, congenital anomalies, 
and severe respiratory compromise, with extrinsic 
exposures, such as invasive devices, parenteral nu-
trition, and extensive surgical interventions (2,3,7). 
Maternal factors, including limited prenatal care 
and perinatal complications, further contributed to  
neonatal susceptibility. The median intervals from 

hospital admission to symptom onset (17 days) and 
to microbiological confirmation (27 days) emphasize 
the diagnostic challenges associated with rare yeasts. 
Antifungal susceptibility testing revealed that timely 
initiation of targeted therapy, primarily with echino-
candins, can be critical in managing such infections. 
However, prophylactic strategies and empiric anti-
fungal therapy remain complex decisions in high-risk 
neonatal populations.

The clinical interpretation of the MIC values is 
challenging because of the absence of species-specific 
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Table 3. Summary of antimicrobial drugs used for patients with 
Wickerhamomyces anomalus fungemia during healthcare-
associated outbreak, Pereira, Colombia, 2025 
Antimicrobial drug Average duration No. (%) cases 
Ampicillin and gentamicin 2–8 d 7 (70) 
Amikacin 1–10 d 6 (60) 
Vancomycin 2–26 d 6 (60) 
Metronidazole 2–15 d 6 (60) 
Oxacillin 2–8 d 4 (40) 
Cefepime 3–36 d 4 (40) 
Piperacillin/tazobactam 2–3 d 3 (30) 
Meropenem 4–5 d 3 (30) 
Ertapenem 4 d 2 (20) 
Cefotaxime 6 d 2 (20) 
Ampicillin/sulbactam 5 d 2 (20) 
Caspofungin 14 d 10 (100) 
Fluconazole* 6 d 1 (10) 
*Switched from caspofungin. 

 

 
Table 4. Summary of reported Wickerhamomyces anomalus (synonyms Candida pelliculosa, Pichia anomala, and Hansenula 
anomala) outbreaks worldwide* 
Reference Year Country Key findings 
(10) 2021 China Case–control study; broad-spectrum antibiotics and prolonged hospital stay increased 

risk; biofilm formation associated. No deaths. 
(15) 2009–2021 China 307 isolates; high resistance to fluconazole (48.5%) and voriconazole (34.5%) (broth 

microdilution, CLSI methods M27 [13]); 118 genotypes; nosocomial outbreaks identified. 
(14) 2018–2019 India New STR scheme (6 markers); 90 isolates; 38 genotypes; 4 simultaneous outbreaks 

within a single hospital. 
(11) 2015 South Korea 11 patients; multiple risk factors; effective outbreak control after environmental 

interventions. No deaths. 
(16) 2014–2016 China 13 cases; 38% mortality; risk factors include ventral venous catheter, antibiotics, TPN; 

high azole MICs (CLSI and EUCAST). 
(5) 2013 Brazil Neonatal outbreak; possible clonal origin; uncommon pathogen. 
(6) 2013 China Neonatal outbreak; 6 cases, 1 death; single predominant clone; control achieved with 

prophylaxis and hygiene measures. 
(9) 2012–2013 China 14 neonates infected; 2 distinct clones; good clinical outcomes; 2 NICU outbreaks. High in 

vitro susceptibility to multiple antifungals (susceptibility testing method not described). No 
deaths. 

(1) 2002–2004 Brazil Outbreak affecting 17 children with 41% mortality, linked to central venous catheters; 
caused by a single strain. 

(17) 2001 Croatia H. anomala infection in 8 ICU adults. Case-control analysis (32 patients) identified blood 
alkalosis duration as the only significant risk factor. Source was not identified. 

(7) 1998 Brazil Four infants with P. anomala infection, one of whom also had Candida parapsilosis 
infection. P. anomala acquisition was likely exogenous. 

(18) 1997 Brazil 24 cases outbreak, in an oncological hospital in Rio de Janeiro. Leukemia was reported in 
65% of cases, demonstrating the opportunistic behavior of H. anomala. 

(8) 1996–1998 India 379 children/neonates affected; transmission through healthcare workers’ hands; control 
achieved through strict hygiene. 

(19) 1986 United 
Kingdom 

52 colonized neonates, 8 developed infections: 5 fungaemia, 2 fungaemia with 
ventriculitis, 1 ventriculitis. Seven were very low birthweight (<1,500 g). All were 

successfully treated with 5-flucytosine and amphotericin B. 
*CLSI, Clinical Laboratory Standards Institute; EUCAST, European Committee on Antimicrobial Susceptibility Testing; NICU, neonatal intensive care unit; 
STR, short tandem repeat; TPN, total parenteral nutrition. 
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clinical breakpoints for W. anomalus from the CLSI, 
the methodology used in this study. To provide con-
text for our findings, we referenced the epidemiologic 
cutoff values (ECOFFs) established by EUCAST (21). 
According to EUCAST ECOFFs (fluconazole >32 µg/
mL, anidulafungin >0.12 µg/mL, amphotericin B >2 
µg/mL), all isolates in our cohort would be classified 
as wild-type, exhibiting no acquired resistance mech-
anisms. Crucially, however, ECOFFs are method- 
specific, and applying EUCAST criteria to CLSI- 
derived data is for informational purposes only and 
does not constitute a formal interpretation. Conse-
quently, although the low MICs suggest that the cir-
culating clone is likely drug-susceptible, the definitive 
correlation of those in vitro results remains uncertain. 
The W. anomalus isolates analyzed in this study dem-
onstrated markedly higher susceptibility to all anti-
fungal agents tested. That finding contrasts with sev-
eral reports from Asia, in which isolates frequently 
exhibited elevated MICs, particularly to azoles such 
as fluconazole and voriconazole. Recent studies from 
China and India have documented substantial high 
non–wild-type rates and high azole MICs, suggest-
ing regional variability in antifungal susceptibility 
patterns. India reported that 50/70 (72%) W. anoma-
lus isolates were non–wild-type for fluconazole, 17% 
demonstrated cross-resistance with voriconazole, 
and 1.4% demonstrated cross-resistance with mica-
fungin (22). A larger, similar study from China found 
149/307 (48.5%) non–wild-type to fluconazole and 
106/307 (34.5%) voriconazole (15).

A pan–azole-resistant and pan–echinocandin- 
resistant W. anomalus bloodstream isolate was re-
cently reported in China (23). Although most isolates 
remain susceptible, the emergence of multidrug resis-
tance represents a growing threat to clinical manage-
ment, particularly in resource-limited settings (23).

This outbreak was closely associated with expo-
sure to multiple invasive devices, prolonged hospi-
talization, parenteral nutrition, and broad-spectrum 
antimicrobial use, reflecting a classic pattern of 
healthcare-associated infections in intensive care 
settings (2,3,7). Infection control interventions, such 
as enhanced environmental cleaning, standardized 
chlorhexidine bathing, and staff education on asep-
tic techniques, were instrumental in containing the 
outbreak, illustrating the importance of rapid, mul-
tifaceted infection prevention strategies in high-risk 
units. A search for the environmental origin of the 
outbreak was conducted, but W. anomalus was not 
detected after testing numerous inanimate surfaces. 
Although the source was not uncovered, imple-
menting strict infection control measures after the 

outbreak was recognized was successful in curbing 
ongoing cases of fungemia.

Despite the severity of underlying conditions and 
the complexity of care, all patients survived, suggest-
ing that early recognition, appropriate microbiologi-
cal work-up, adherence to strict infection control pro-
tocols, and timely initiation of antifungal therapy are 
pivotal in favorable outcomes. This series reinforces 
the need for vigilance regarding uncommon yeasts in 
neonatal and pediatric intensive care units, particu-
larly in regions where surveillance is limited.

The first limitation of this study is that the 
small number of cases and absence of a comparison 
group limited our ability to assess independent risk 
factors or establish causal associations. Despite ex-
tensive environmental sampling, the source of the 
outbreak could not be identified. Interpretation of 
antifungal susceptibility results was constrained 
by the lack of species-specific breakpoints for W. 
anomalus. In addition, the single-center, retrospec-
tive design might limit generalizability and intro-
duce incomplete data capture.

In conclusion, W. anomalus BSI represents a rare 
but clinically significant nosocomial infection, pre-
dominantly affecting preterm and critically ill neo-
nates with multiple underlying conditions and exten-
sive exposure to invasive procedures. Comprehensive 
perinatal management, strict aseptic care, and robust 
infection control measures are essential to prevent 
outbreaks and optimize patient outcomes. Ongoing 
surveillance and reporting are critical to improving 
understanding of epidemiology, risk factors, and ef-
fective management of this emerging pathogen.
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Human adenoviruses (HAdVs) are nonenvel-
oped, double-stranded DNA viruses of the ge-

nus Mastadenovirus, Adenoviridae family (1). To date, 
116 genotypes have been recognized within 7 spe-
cies (A–G) (http://hadvwg.gmu.edu). Currently, the 
nomenclature protocol primarily follows the system 
proposed by the international HAdV Working Group 
(2), which defines genotypes on the basis of the nucle-
otide sequences of the penton base, hexon, and fiber 
genes. HAdV-B (HAdV-3, -7, -55), HAdV-C (HAdV-
1, -2, -5, -6), and HAdV-E (HAdV-4) are considered 

major causative agents of acute respiratory tract in-
fections in children (3). Within species B, HAdV-B3 
and HAdV-B7 are the most frequently reported etio-
logic agents worldwide and are associated with se-
vere pneumonia and occasional fatalities in pediatrics 
(4,5). Homologous recombination, particularly within 
the 3 major capsid protein genes, largely contributes 
to HAdV-B diversity, yielding recombinant geno-
types with high virulence and broad tissue tropism 
(6), some of which have caused severe outbreaks (e.g., 
HAdV-B55, HAdV-B66) (7–10).

Densely populated and highly mobile metropo-
lises are hotspots for HAdV transmission. However, 
in China, the disease effects of HAdVs, including 
HAdV-B, remain unclear because of the absence of a 
specialized surveillance system (11). We conducted a 
molecular epidemiologic investigation of HAdVs in 
Beijing, China, during 2014–2024. By applying whole-
genome sequencing (WGS) to HAdV isolates from 
children hospitalized with acute lower respiratory 
tract infections (LRTIs) and analyzing genomic data, a 
novel intertypic recombinant HAdV-B genotype was 
identified from 2 children <5 years of age with severe 
community-acquired pneumonia (CAP). According 
to the evaluation of the international HAdV Working 
Group, the virus was designated HAdV-117 (P7H3F7). 
The identification of the novel recombinant HAdV-
B117 underscores the need for ongoing genomic sur-
veillance to monitor emerging HAdV threats.

Materials and Methods

Patients and Clinical Data Collection
Children <18 years of age hospitalized with acute 
RLTI at Beijing Children’s Hospital, Capital Medical 
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During molecular surveillance of human adenoviruses 
(HAdVs) in children hospitalized with acute lower respira-
tory tract infections in Beijing, China, during 2014–2024, 
the most prevalent genotypes were HAdV-B114 (53.85%) 
and HAdV-B7 (27.18%). A novel recombinant genotype, 
HAdV-B117, was identified in 2 children <5 years of age 
with severe community-acquired pneumonia and serious 
complications. Genomic analysis revealed that HAdV-
B117 arose from HAdV-B114 (P7H3F3) with the fiber 
gene from HAdV-B7. We observed amino acid substitu-
tions and deletions in the pivotal regions of 3 major cap-
sid proteins, and some were predicted to alter the protein 
structure. In vitro, the replication kinetics of HAdV-B117 
were similar to those of HAdV-B3 and HAdV-B7. Clinical 
manifestations resembled severe pneumonia caused by 
HAdV-B3 or HAdV-B7. Both children recovered after treat-
ment. The emergence of HAdV-B117 highlights the need 
for continuous genomic surveillance of HAdVs to detect 
novel recombinants with potential public health effects.
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University, Beijing, China, during 2014–2024 were 
enrolled. Children with a disease course >7 days or 
whose parents or guardians did not consent were 
excluded. We collected clinical data from the clinical 
electronic medical record system.

Specimen Collection and HAdV Detection
Respiratory specimens, including sputum, throat and 
nasopharyngeal swab specimens, bronchoalveolar la-
vage fluid, and nasopharyngeal aspirates, were col-
lected within 24 hours of admission and transported 
at 4°C to our laboratory. We tested all samples by 
using the Multiplex Respiratory Viral Panel (Diaso-
rin, https://us.diasorin.com) for the presence of viral 
nucleic acids, including HAdV and other common re-
spiratory viruses.

Virus Isolation and WGS
We inoculated HAdV-positive samples into Hep-
2 or A549 cell lines for virus isolation and puri-
fied the novel genotype HAdV through 3 rounds 
of plaque purification in A549 cells. We sent the 
purified nucleic acids of the HAdV strains to Ann-
aroad Gene Technology Co., Ltd (Beijing, China,  
https://www.annoroad.com) for WGS by using the 
Illumina sequencing platform (Illumina, https://
www.illumina.com). We used reference-based as-
sembly to construct consensus sequences. We de-
termined the reference genomes by the traditional 
HAdV typing method as previously described (12). 
We used the HAdV-B3 prototype strain (the GB 
strain, GenBank accession no. AY599834) as the  
reference genome of the novel genotype HAdV. 
If >2 distinct genomic sequences >34 kb were ob-
tained from the same strain, we considered the 
possibility of co-infection. We annotated complete 
genome sequences by using Prokka version 1.11 
(https://github.com/tseemann/prokka) and sub-
mitted them to GenBank.

HAdV Typing
We extracted the penton base, hexon, and fiber gene 
sequences from the HAdV whole-genome sequences 
obtained and aligned them with sequences in Gen-
Bank by using BLAST (https://blast.ncbi.nlm.nih.
gov) for preliminary typing. We retrieved the refer-
ence sequences for the 3 genes of HAdV from Gen-
Bank, excluding those with high consistency in re-
gion, time, and sequence. We performed multiple 
sequence alignment by using MAFFT (https://www.
ebi.ac.uk/Tools/msa/mafft). We constructed phylo-
genetic trees by using MEGA version 7.0.26 (https://
www.megasoftware.net/older_versions) with the 

neighbor-joining method and Kimura 2-parameter 
model, with a bootstrap test of 1,000 replicates to fur-
ther determine the type.

Phylogenetic Analysis
We selected whole-genome sequences of prototype 
or representative strains of all genotypes within 
the same species as the candidate novel genotype 
from GenBank. On the basis of their annotations, 
we extracted the penton base, hexon, fiber, and ear-
ly gene (E1–E4) gene sequences for phylogenetic 
analysis. We constructed the phylogenetic trees by 
using the maximum-likelihood method with 1,000 
bootstrap replicates in MEGA version 7.0.26 after 
multiple sequence alignments. We considered the 
model with the lowest Bayesian information crite-
rion score optimal.

Recombination Analysis
We conducted recombination analysis of the whole-ge-
nome sequences of the novel genotype by using RDP4 
(https://www.h3abionet.org/categories/blog- 
post/tools-services/recombination-detection-
program) with 7 methods (RDP, GENECONV, 
BootScan, MaxChi, Chimaera, SiScan, and 3Seq). We 
corrected the probability of each putative recom-
bination event by using the Bonferroni procedure 
and set the significance threshold at p<0.05. We 
considered credible only recombination events sup-
ported by >3 methods. We validated the identified 
recombination events by using SimPlot version 3.5.1 
(https://sray.med.som.jhmi.edu/SCRoftware/Sim-
Plot) using window size 1,000, step size 200, gap  
stripping turned on, and Kimura 2-parameter dis-
tance correction.

Genetic Variation Analysis
We used BioEdit version 7.2.05 (http://www.mbio.
ncsu.edu/BioEdit) to perform genetic variation anal-
ysis. We constructed homology models of proteins by 
using Python version 3.10.7 (https://www.python.
org) and Swiss-Model ExPASy (https://swissmodel.
expasy.org).

Ethics Considerations
This study was approved by the Institutional Ethics 
and Review Committees of the Beijing Children’s 
Hospital, Capital Medical University (ethics ap-
proval nos. [2023]-E-171-Y, 2019-k-357), and con-
ducted in accordance with Helsinki Declaration 
(revised in 2013). Written informed consent was 
obtained from all parents or legal guardians of chil-
dren included.
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Results

Detection Rate of HAdV
A total of 3,875 children with acute RLTI were enrolled 
in this study; 310 (8%) tested positive for HAdV. Viral 
isolation and genotyping were successfully achieved 
for 195 of the HAdV-positive specimens. The identi-
fied viruses included species B (HAdV-3, -7, -14, -21, 
-55, -66, and -114) and C (HAdV-1, -6, -89, and -108). 
The most common genotype was HAdV-114 (105 
isolates, 53.85%), followed by HAdV-7 (53 isolates, 
27.18%), HAdV-1 (12 isolates, 6.15%), and HAdV-108 
(11 isolates, 5.64%). We identified a novel HAdV-B 
genotype (2 isolates, 1.03%).

Clinical Manifestations of Patients with the Novel 
HAdV-B Genotype
The clinical characteristics of 2 cases infected with the 
novel HAdV-B genotype are provided (Appendix Ta-
ble 1, http://wwwnc.cdc.gov/EID/article/32/6/25-
0940-App1.pdf). Both patients were diagnosed with 
severe CAP. The first patient, a 4-year-old boy living 
in Beijing, China, with allergic rhinitis, was admit-
ted to the general ward on December 19, 2019, and 
had high fever (40°C, reference range 36°C–37.2°C), 
cough, and sputum secretion. The leukocyte count 
was unremarkable, and C-reactive protein and eryth-
rocyte sedimentation rate were mildly elevated. 
Chest radiograph and computed tomography (CT) 
both suggested pneumonia. Adenovirus nucleic acid 
was detected in throat swab specimens, plasma, and 
bronchoalveolar lavage fluid, and the adenovirus an-
tigen test of respiratory secretions was positive. The 
patient’s complications included liver dysfunction 
and sinus bradycardia. Atelectasis was observed >1 
month later. The patient received intravenous immu-
noglobulin, methylprednisolone, bronchoalveolar la-
vage, and antimicrobial drug therapy. The second pa-
tient was a 3-year-old girl from Hebei, China, with a 
patent foramen ovale. She was admitted to the respi-
ratory ward on December 26, 2019, with a high fever 
(40.7°C), cough, sputum secretion, and slight tachy-
pnea. The leukocyte count was unremarkable, and 
C-reactive protein, erythrocyte sedimentation rate, 
procalcitonin, and ferritin were increased. Chest ra-
diograph and CT also suggested pneumonia. Adeno-
virus was detected in throat swab specimens, plasma, 
and nasopharyngeal swab specimens. Complications 
such as liver function damage, myocardial damage, 
and coagulopathy developed, and the patient re-
ceived intravenous immunoglobulin, methylprednis-
olone, bronchoalveolar lavage, and antiviral therapy. 
Both patients fully recovered after treatments.

Novel HAdV Genotype Identification
We isolated 2 HAdV strains (BJ-2024-563/2019 and 
BJ-2024-565/2019). BLAST alignment and phyloge-
netic analysis of penton base, hexon, and fiber genes 
revealed no matches with the 116 known HAdV 
genotypes. WGS of each strain yielded a single con-
tiguous sequence of >34 kb, which we annotated and 
deposited in GenBank (accession nos. PV092676 [BJ-
2024-563/2019] and PV092675 [BJ-2024-565/2019]). 
Both genomes are 35,299 bp with 50.83% guanine 
and cytosine content, indicating classification within 
species HAdV-B (49%–51% guanine and cytosine 
content).

Phylogenetic Analysis of the Whole Genome  
and 3 Major Capsid Protein Genes
The whole-genome sequences of the 2 novel strains 
shared 99.7% nucleotide (nt) identity and 99.6% ami-
no acid (aa) identity, with a genetic distance of 0.001. 
The penton base, hexon, and fiber gene sequences of 
the 2 strains exhibited 98.8%–99.9% nt identity and 
97.5%–100% aa identity, with genetic distances rang-
ing from 0.000–0.007. We retrieved reference sequenc-
es for the whole genome and penton base, hexon, and 
fiber genes of other genotypes of species HAdV-B 
from GenBank (Appendix Table 2).

Phylogenetic analysis of the whole-genome se-
quences confirmed that the 2 novel strains belonged 
to the species HAdV-B and clustered together with 
a bootstrap value of 100%, forming a new evolu-
tionary branch distinct from other known HAdV-B 
genotypes (Figure 1, panel A). Analysis of the pen-
ton base gene showed clustering with HAdV-B114 
(88% bootstrap support) within the HAdV-7 evolu-
tionary branch, including HAdV-B7 and HAdV-B66 
(Figure 1, panel B). For the hexon gene, the strains 
grouped with HAdV-B114 (66% bootstrap support) 
within the HAdV-3 evolutionary branch, including 
HAdV-B3 and HAdV-B68 (Figure 1, panel C). The 
fiber gene phylogenetic analysis revealed clustering 
with HAdV-B7 (99% bootstrap support) within the 
HAdV-7 evolutionary branch, alongside HAdV-B77 
and HAdV-B78 (Figure 1, panel D). The nt and aa 
identity analyses revealed that the whole genome, 
penton base, and hexon genes of the novel strains 
had high similarity with those of HAdV-B114, 
whereas the fiber gene aligned closely with HAdV-
B7 (Table). Given that HAdV-B114 is a known re-
combinant genotype (P7H3F3) (13) and adhering to 
the current HAdV naming convention on the basis 
of the 3 major capsid protein genes (2), the 2 strains 
were proposed as a novel recombinant genotype, 
HAdV-B117, designated P7H3F7.
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Phylogenetic Analysis of Early Genes
The early gene (E1–E4) sequences of the 2 strains ex-
hibited 99.7%–99.8% nt identity and 99.4%–99.8% aa 
identity, with genetic distances of 0.000–0.001. Phy-
logenetic trees consistently showed clustering with 
HAdV-B114, supported by bootstrap values of 89%–
100% (Appendix Figure 1). Identity analyses con-
firmed that the E1–E4 genes were most similar to those 
of HAdV-B114 (Table). Specifically, the phylogenetic 
tree of E1 genes revealed that the 2 sequences clustered 
together with HAdV-B114, -66, -7, and -3. HAdV-B16/ 

21/50/68, HAdV-B14/34/55/79/106, and HAdV-
B35/77/78 each formed a distinct cluster (Appendix 
Figure 1, panel A). Phylogenetic analysis of E2 genes 
revealed that the 2 sequences clustered together with 
HAdV-B114. HAdV-B14/55/79/106 and HAdV-
B11/34/35/77/78 clustered separately (Appendix 
Figure 1, panel B). The phylogenetic tree on the basis 
of E3 genes revealed that the 2 sequences clustered 
together with HAdV-B114 and -3. The remaining gen-
otypes grouped into 5 clusters: HAdV-B16/21/50, 
HAdV-B7/66/68, HAdV-B14/55, HAdV-B77/78, and 
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Figure 1. Phylogenetic analysis of the whole genome and 3 major capsid protein genes of 2 novel strains and other species HAdV-B 
genotypes from a study of novel recombinant human adenovirus genotype B117 from 2 pediatric cases, China. A) The phylogenetic tree 
of the whole genome, constructed by the general time reversible model. B) The phylogenetic tree of the penton base gene, constructed 
by the Kimura 2-parameter model. C, D) Phylogenetic trees of hexon (C) and fiber (D) genes, constructed by the Hasegawa-Kishino-
Yano model. All trees were constructed by the maximum-likelihood method by using 1,000 replicates. Red dots indicate the 2 novel 
strains obtained in this study. Scale bars indicate nucleotide substitutions per site. HAdV, human adenovirus.
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HAdV-B11/34/35/79/106 (Appendix Figure 1, panel 
C). The phylogenetic analysis of E4 genes revealed 
that the 2 sequences clustered with HAdV-B114, 
-7, and -66. HAdV-B21/50, HAdV-B14/55, HAdV-
B11/34/35/77/78/79/106, and HAdV-B16/68 clus-
tered together separately (Appendix Figure 1, panel 
D). Those findings indicate that the early gene regions 
of HAdV-B also harbored recombination hotspots.

Recombination Analysis
Recombination analysis by using RDP4 predicted 
3 recombination events for the BJ-2024-563/2019 
strain and 2 for the BJ-2024-565/2019 strain (Appen-
dix Table 3). Simplot confirmed 2 events, establish-
ing both strains as recombinants of HAdV-B7 and 
HAdV-B114. The genomic backbone corresponded 
to the Guangzhou02 strain (HAdV-B114; GenBank 
accession no. DQ105654) isolated from Guangzhou, 
China, in 2004. Because of the high sequence iden-
tity to the Gomen strain (HAdV-B7 prototype strain; 
GenBank accession no. AY594255), the fiber gene of 
the BJ-2024–563/2019 strain likely originated from a 
prototype-like strain of HAdV-B7, whereas the fiber 

gene of the BJ-2024–565/2019 strain was more closely 
related to the 0901HZ/ShX/CHN/2009 strain iso-
lated in Shaanxi, China in 2009 (HAdV-B7; GenBank 
accession no. JF800905) (Figures 2, 3). Those results 
corroborated the phylogenetic findings and support-
ed the designation of the 2 strains as a novel recombi-
nant genotype, HAdV-B117 (P7H3F7).

Variation Analysis in aa
Compared with the parental Guangzhou02 strain, 
both novel strains had 3 aa substitutions in the pen-
ton base protein: V128I, G163D, and A482T, but none 
in the RGD Loop region (Appendix Figure 2, panel 
A). Homology modeling revealed no major struc-
tural differences at these substitution sites between 
the Guangzhou02 strain and the novel strains. Within 
HAdV-B, the RGD Loop region was the most variable 
region of Penton base protein (Appendix Figure 2, 
panel A).

For hexon protein, both novel strains had 9 aa 
substitutions (R18Q, A99T, N155G, R156E, E197D, 
V239M, A289D, A454D, and H563Y), 8 aa deletions 
(T194, E195, G196, T265, G290, T446, D452, and D453), 
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Figure 2. Genetic organization of novel HAdV-B117 isolate from a study of novel recombinant HAdV-B117 from 2 pediatric cases, 
China. HAdV, human adenovirus.

 
Table. Nucleotide and amino acid identity between BJ-2024-563/2019 HAdV-B isolate and counterparts from other HAdV-B genotypes 
from study of novel recombinant human adenovirus genotype B117 from 2 pediatric cases, China* 

 
Genotype 

Nucleotide/amino acid identity, % 
Whole 

genome 
Penton 
base Hexon Fiber E1 E2 E3 E4 

HAdV-3 96.8/95 98.5/99 97.4/97.3 64.3/57.3 96.9/94.2 98.2/96.4 94.7/92.1 98.5/97.5 
HAdV-7 97.2–97.7/ 

95.4–95.8 
99.3–99.6/ 
99.4–99.6 

95.4–97.2/ 
96.2–97.8 

97.2–97.9/ 
96.6–97.8 

97.7–98.4/ 
95.3–96 

85.8–98.2/ 
83.1–96.5 

95.8–97.2/ 
92.4–94.1 

97.9–99.1/ 
95.1–97.9 

HAdV-11 82.9/73.1 79.5/83.5 78.5/85.3 92.5/91.3 80.6/57.4 55.9/49.2 76.6/63.6 95.5/90.1 
HAdV-14 82.6/72.4 80.4/83.6 78/84.7 91.6/89.8 79.8/55.7 73.3/61.5 76.3/62.8 95.5/89.8 
HAdV-16 93.6/91.2 93.7/94.4 79.9/86.5 59/52.8 96.8/93.4 96.6/93.1 95.3/92.6 72.3/65.8 
HAdV-21 92.4/88.7 83.7/85.6 80.6/85.5 65.5/58.7 93.8/89.7 65/63.3 87.7/85.2 95.2/93.1 
HAdV-34 82.2/72 79.9/83.5 77.4/84.2 66.4/60.2 77.8/54.5 79.9/66.2 69.7/58.2 93/88.3 
HAdV-35 82.1/72.1 79.5/83.3 78/84.7 66.2/59.9 78/55.1 55.8/49.1 45.9/37.7 83.9/80.7 
HAdV-50 92.4/88.7 83.4/85.4 81.5/86 65.4/58.4 96.1/92.3 83/75.8 96/93.2 98.2/96.3 
HAdV-55 82.6/72.5 80.3/83.3 78.7/85 91.2/88.8 68.9/48.3 55.6/48.8 76.2/62.6 95.3/89.8 
HAdV-66 96.1/94.4 99.6/99.8 95.5/96.3 65/58.5 95.4/94.1 85.8/83.3 88.5/86.3 95.6/94.8 
HAdV-68 94.9/92.2 93.7/94.2 96/97.2 59/52.5 93.8/89.8 85.6/82.7 88.1/85.3 90.4/81.9 
HAdV-76 85.2/76.1 83.8/85.8 79.8/85.1 58.7/53.3 83.7/65.8 79.4/70.6 75.8/65.4 79/60.8 
HAdV-77 82.7/72.9 80/83.8 77.7/84.2 94.6/92.5 77.9/54.9 74.1/62.2 69.7/57.9 93.1/88.6 
HAdV-78 83.1/73.3 80/83.8 78.3/84.9 94.6/92.5 78.2/55.5 74/62.3 76.7/63.4 93.2/89.1 
HAdV-79 82.9/73 80/83.8 77.4/84.1 92.4/91.3 80.6/57.7 74/62.2 69.7/57.9 93.1/88 
HAdV-106 82.3/72.3 80/83.5 78.4/85 66.3/59.9 78.2/55.2 55.8/49 69.7/58.2 84.2/80.9 
HAdV-114 98–98.2/ 

97.1–97.4 
99.6–99.8/ 
99.4–99.8 

98.1–98.2/ 
97.6–97.7 

64.8–65/ 
58.2–58.5 

98.1–99.7/ 
97.5–99.4 

88.1–99.7/ 
87–99.3 

96.4–96.6/ 
94.6–94.8 

99.3–99.5/ 
98.7–99 

*There are high nucleotide and amino acid identities of the whole genome, penton base, hexon, fiber and E1–E4 sequences of the 2 novel strains 
obtained in this study, and according to nucleotide and amino acid identity analyses, the results were coincident. For this reason, BJ-2024-563/2019 was 
chosen as the representative to show the results. HAdV, human adenovirus. 
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and 1 aa insertion (321D) relative to the Guangzhou02 
strain. In addition, the BJ-2024-563/2019 strain had 
4 unique substitutions (D157E, N158R, T193E, and 
E198N), whereas the BJ-2024-565/2019 strain had 3 
(T193A, E198K, and V288A) (Appendix Figure 2, pan-
el B). Homology models of both strains were built and 
superimposed with that of the Guangzhou02 strain to 
visualize the structural variations (Appendix Figure 2, 
panels C, D). The root mean square deviation for the 2 
superimposed structures were both 0.029. Disparities 
were observed at the deletion sites in the Loop1 and 
Loop2 regions. However, the functional implications 
of those alterations warrant further study.

For the fiber protein, both novel strains exhibited 
identical 7 aa substitutions (T2A, V5A, D9T, T22N, 
S23L, Y353S, and R356T) compared with their paren-
tal strains, 2 of which (Y353S and R356T) were in the 
Knob region (Appendix Figure 2, panel E). Homology 
modeling indicated no major structural differences at 
those sites. Within HAdV-B, Fiber protein exhibited 
high variability across all regions (Appendix Figure 
2, panel E).

Discussion
This molecular epidemiologic investigation revealed 
that HAdV-B114 and HAdV-B7 were the most  
common genotypes of HAdVs in children hospi-
talized with acute LRTI in Beijing, China, during 

2014–2024. However, previous studies have reported 
that HAdV-B3 and HAdV-B7 were the predominant 
genotypes among children with respiratory tract in-
fections in northern China (14,15). Recently, a study 
found that a multitude of complete genome sequences 
from China labeled as HAdV-B3 from the past 2 de-
cades should be considered as HAdV-B114 (P7H3F3) 
(16), suggesting major HAdV-B114 circulation in Chi-
na over the past 2 decades. Those findings revealed 
that HAdV-B114 might have replaced HAdV-B3 as a 
dominant HAdV genotype for respiratory tract infec-
tions among children in northern China.

In this study, a novel HAdV genotype, HAdV-
B117 (P7H3F7), was isolated from 2 children hospi-
talized with severe CAP. WGS, phylogenetic, and 
recombination analyses confirmed that HAdV-
B117 was a novel intertypic recombinant of species  
HAdV-B. Its genomic backbone was derived from 
HAdV-B114 (P7H3F3), with the fiber gene acquired 
from HAdV-B7 (P7H7F7).

The 2 patients, a boy and a girl both <5 years 
of age, aligned with the typical age profile of HAdV 
susceptibility (17,18). One resided in Beijing and was 
admitted to the general ward on December 19, 2019; 
the other came from Hebei Province and entered the  
respiratory ward on December 26, 2019. Our find-
ings indicate that HAdV-B117 was detected in 2 dif-
ferent areas in China, suggesting the potential for 
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Figure 3. Recombination analysis between 2 novel strains and other species HAdV-B genotypes from a study of novel recombinant 
human adenovirus genotype B117 from 2 pediatric cases, China. A, B) SimPlot (A) and BootScan (B) analysis of the whole genome of 
the BJ-2024-563/2019 strain. C, D) SimPlot (C) and BootScan (D) analysis of the whole genome of the BJ-2024-565/2019 strain. HAdV, 
human adenovirus.
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a new epidemic in the future. Both patients’ symp-
toms included high fever, cough, and sputum secre-
tion, which were hallmarks of HAdV respiratory 
infections, and both patients were diagnosed with 
severe CAP accompanied with serious complica-
tions. The clinical manifestations resembled severe 
HAdV-B3 or HAdV-B7 pneumonia cases previously 
reported and indicate a potentially severe pheno-
type of HAdV-B117 infection. Increased vigilance 
and enhanced surveillance for HAdV-B117 are war-
ranted. The inflammatory markers of 1 child who 
had a patent foramen ovale were extremely elevat-
ed, and bacterial co-infection could not be ruled out. 
Both children eventually recovered.

Recombination is a hallmark of HAdV evolution 
and a primary driver of new genotype emergence 
(19,20). HAdV-53–116 genotypes were intertypic re-
combinants (http://hadvwg.gmu.edu). HAdV-B117 
also exemplified that process, integrating the fiber 
gene of HAdV-B7 into HAdV-B114 backbone. Be-
cause the fiber protein mediates viral attachment to 
host cells and the fiber gene of HAdV-B117 was from 
HAdV-B7, HAdV-B117 might share tropism and in-
fectivity traits with HAdV-B7 and become a critical 
pathogen of acute respiratory infections.

Although HAdV-B117 was isolated from 2 pa-
tients with CAP in different regions of China, the 
prevalence and potential effect on public health of 
HAdV-B117 are not clear and need further monitor-
ing. The hexon protein is the main antigenic protein 
of HAdV and induces the host immune response 
(21). The hexon gene of HAdV-B117 came from 
HAdV-B114 and the hexon gene of HAdV-B114 was 
from HAdV-B3. Comparative analysis revealed that 
the hexon protein of HAdV-B117 was highly simi-
lar to its parental strain (HAdV-B114), with nearly 
identical aa sequences. Therefore, HAdV-B114 and 
HAdV-B117 might exhibit similar antigenic char-
acteristics as HAdV-B3, suggesting that exposure 
to HAdV-B3/114 might provide protective cross-
immunity against HAdV-B117, which requires fur-
ther experimental validation. However, previous 
studies have reported that receptor-binding regions 
in the knob region of the fiber protein could also 
elicit neutralizing antibodies (22,23). The fiber gene 
of HAdV-B117 originated from HAdV-B7 and was 
different from that of HAdV-B3/114, so the cross-
immunity generated by HAdV-B3/114 might not 
be sufficient to block its transmission. Furthermore, 
previous studies demonstrated low levels of herd 
immunity against HAdV-B3 and HAdV-B7 in chil-
dren from China (24,25), indicating that HAdV-B117 
might cause potential epidemics in this population. 

Of note, mutations were also observed in the loop 1 
and loop 2 regions of the hexon protein and the knob 
region of the fiber protein of HAdV-B117. Homol-
ogy modeling revealed that aa deletions in the loop 
1 and loop 2 regions of the hexon protein might alter 
protein structure, potentially impairing neutralizing 
antibody production and binding and enabling im-
mune evasion, which merits further investigation. 
In addition, the replication dynamics of HAdV-B117 
resembled those of currently prevalent HAdV-B 
genotypes, including HAdV-B3, HAdV-B7, HAdV-
B14, and HAdV-B55 (data not shown), which were 
associated with severe infections and outbreaks 
(26,27). Those findings indicate that HAdV-B117 has 
the potential to cause epidemic outbreaks of respira-
tory disease and further monitoring is needed.

HAdV-B7 was generally considered to have 
higher replication, virulence, and infectivity than 
HAdV-B3 (4,28). Whole-genome comparative analy-
sis revealed that the primary differences between 
HAdV-B3 and HAdV-B7 were in the fiber protein 
(29,30). A previous study (31) found that the higher 
binding affinities of fiber protein’s knob region to 
cellular receptors resulted in greater infectivity and 
virulence of HAdV-B7 and HAdV-B55 than those of 
HAdV-B3, thereby increasing their pathogenicity. 
HAdV-B117 acquired the fiber gene from HAdV-B7 
through recombination; therefore, further monitor-
ing of the virulence, infectivity, and pathogenicity of 
HAdV-B117 is needed.

In conclusion, this study identified a novel recom-
binant genotype within species HAdV-B, HAdV-B117 
(P7H3F7), isolated from 2 pediatric cases of severe re-
spiratory illness. In vitro, the replication kinetics of 
HAdV-B117 were similar to those of HAdV-B3 and 
HAdV-B7. Future research on its biological character-
istics and epidemiology is needed. The emergence of 
this novel recombinant highlights the need for con-
tinuous genomic surveillance of HAdV.
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In 2014, the first case of tickborne Bourbon virus (BRBV)  
was identified in a man in Bourbon County, Kansas.  

Since its initial identification, at least 5 human cases of  
BRBV-associated disease have been confirmed in the  
Midwest region of the United States. Because little  

is known about BRBV biology and no specific treatments  
or vaccines are available, further studies are needed.

In this EID podcast, Dr. Christopher Stobart, a  
microbiologist and associate professor at Butler University  

in Indianapolis, Indiana, discusses the emergence and 
virology of tickborne Bourbon virus in the United States.
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We report a genomically linked cluster of 9 Dermatophi-
lus congolensis cutaneous infections diagnosed within 
2 months among men who have sex with men in Lyon 
and Paris, France, 2025–2026. Genomic similarity and 
shared sexual exposures strongly suggest interhuman 
sexual transmission of this zoonotic bacterium.

Suspected Sexual Transmission  
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Dermatophilus congolensis is a gram-positive, facul-
tatively anaerobic actinomycete responsible for 

dermatophilosis, an exudative dermatitis of animals 
(1). The disease predominantly affects cattle, sheep, 
and horses, mainly in tropical and subtropical climates. 
It typically manifests as benign, crusting superficial 
skin lesions but occasionally progresses to extensive 
disease, sometimes resulting in significant mortality in 
cattle herds (2,3). The pathogenesis relies on 2 factors, 
skin microabrasions and moisture, which activate mo-
tile zoospores to penetrate the epidermis (1).

Human infections are rare and considered acci-
dental zoonoses. Those infections are classically de-
scribed in farmers, hunters, veterinarians, or animal 
riders following direct contact with infected animals 
(4–10). The clinical manifestation typically involves 
nonpruritic, pustular, and crusty lesions. D. congo-
lensis is susceptible to β-lactams, macrolides, and tet-
racyclines. Systematic susceptibility testing is rarely 
performed in clinical practice. Reported treatments 
include penicillins, although lesions are often self-
limiting. To date, human-to-human transmission 
has not been documented, and urban cases without  

reported animal exposure have rarely been described 
(11). We describe a temporally clustered series of 
human dermatophilosis cases occurring in France 
among urban men who have sex with men (MSM) 
without livestock exposure, raising the hypothesis of 
an alternative mode of transmission.

The Study
During December 2025–February 2026, a total of 

9 men sought care at the sexually transmitted infec-
tions (STI) clinics of the University Hospital in Lyon, 
France, for skin infections that were determined to 
be caused by D. congolensis. All patients were MSM 
living in urban areas; they were 22–63 years of age 
(median 50, interquartile range [IQR] 34–59.5 years). 
None reported occupational exposure to livestock or 
direct contact with farm animals or horses, although 
some did report regular or occasional contact with 
domestic pets (cats or dogs). None reported recent 
travel to tropical regions.

All patients exhibited nonspecific erythematous 
papules, occasionally pustular or squamous, mainly 
located in the genital region (penis, scrotum, pubic 
area; n = 8), trunk (n = 5), perioral region (beard area; 
n = 4), lower limbs (n = 4), and, less frequently, anal 
margin (n = 1) (Table; Figure 1). Lesions predomi-
nantly involved areas exposed during sexual con-
tact, without mucosal involvement. Pruritus was 
variably present. No systemic symptoms were re-
ported except for patient 7, who experienced fever 
and vomiting 2 days before medical consultation. 
Given the clinical manifestations and epidemiologic 
context, differential diagnoses included staphylococ-
cal folliculitis, sexually transmitted dermatophytosis 
(Trichophyton mentagrophytes genotype VII), Klebsiella 
aerogenes folliculitis, secondary syphilis, mpox, and 
molluscum contagiosum.
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For all patients, we cultured lesion swab samples 
from involved areas on nonselective media: blood 
agar plates (aerobic atmosphere) and chocolate agar 
plates (with 5% CO2). After 40 hours, cultures yielded 
β-hemolytic, rhizoid, adherent, rough, shiny, and yel-
lowish colonies on both culture media (Figure 2, pan-
els A, B), and occasionally along with colonies from 
the skin microbiota. Gram staining revealed identi-
cal filamentous, branching gram-positive bacilli with 
transverse and longitudinal septations producing a 
characteristic tram-track appearance (Figure 2, panel 
C). Bacterial identification by matrix-assisted laser de-
sorption/ionization time-of-flight mass spectrometry 
identified D. congolensis with a high confidence score 
in all cases. In 4 patients, bacterial cultures also yielded 
pyogenic pathogens: Staphylococcus aureus (patients 3, 
7 and 9) or S. lugdunensis (patient 8). Whole-genome 
sequencing (NextSeq550; Illumina, https://www. 
illumina.com) and pairwise alignment of D. congolensis 
isolates from patients 1–8 revealed 1–5 single-nucleo-
tide polymorphisms, covering >94% of the genome, 
supporting close relatedness and recent direct or in-
direct transmission from a common source. Reads are 
available for consultation on the European Nucleotide 

Archive database (Table). Concomitant STIs were di-
agnosed in 2 patients (pubic pthiriasis in patient 1 and 
syphilitic reinfection in patient 7).

Epidemiologic interviews revealed that 7 of the 
9 patients reported recent sexual encounters at a gay 
sauna in Lyon within days or weeks before symp-
tom onset (Table). Patient 5 reported multiple sexual 
partners in various saunas in Paris during the same 
period, including 1 that patient 3 visited 2 days ear-
lier. Patient 9 did not report any sauna attendance. 
On the basis of reported exposures, incubation period 
ranged from 3 to 14 days; survival modeling with in-
terval censoring estimated a median of 6.7 (95% CI 
4.3–10.1) days. However, multiple potential contacts 
limited precision (Table).

Amoxicillin MIC determined for 1 isolate using 
Etest (bioMérieux, https://www.biomerieux.com) 
was 0.064 mg/L, supporting high susceptibility to 
β-lactams. All patients received oral amoxicillin (1 g 
3×/d) or pristinamycin (1 g 3×/d) for 7 days, some-
times combined with topical antiseptic care, with 
rapid improvement. No patient relapsed; median 
follow-up was 10 (IQR 5–52) days after treatment. 
However, on follow-up, patient 1 showed with a new 
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Table. Characteristics of 9 patients with cutaneous Dermatophilus congolensis infection in cluster of suspected sexual transmission of 
dermatophilosis among men who have sex with men, Lyon and Paris, France, 2025–2026* 

Pt. 
no. 

Age, 
y 

Underlying 
conditions 

Lesion 
locations 

Cutaneous co-
infection or 

superinfection 

Sauna 
attendance 
(location) 

Symptom 
onset date 

STI clinic 
consultation 

date 
ENA 

accession nos.  
1 63 HIV PrEP use, 

STI history (CT, 
HSV) 

Neck, beard, 
trunk, 

pubic region 

Pubic pthiriasis 2–3 times/wk, 2 
wks before 

symptoms (Lyon) 

2025 Dec 23 2025 Dec 31 ERS29280943 

2 50 HIV PrEP use, 
STI history (HPV) 

Beard None 2025 Dec 18 
(Lyon)  

1 week after 
sauna 

attendance 

2026 Jan 19 ERS29280944 

3 26 HIV PrEP use, 
 STI history (CT, 

NG) 

Beard, 
umbilicus, 
scrotum, 

inguinal folds 

Staphylococcus 
aureus (beard) 

2026 Jan 28 
(Lyon); 2026 Feb 

1 (Paris) 

2026 Feb 1 2026 Feb 6 ERS29314550 

4 51 HIV PrEP use, 
STI history (CT, 

NG, Tp) 

Legs, groin, 
back, scrotum 

None 2026 Feb 3 
(Lyon) 

2026 Feb 7 2026 Feb 10 ERS29314551 

5 60 HIV PrEP use, 
 STI history (Tp) 

Penis, pubic 
region 

None 2026 Jan 29–30 
(Paris); 2026 
Feb 3 (Paris)  

2026 Feb 6 2026 Feb 10 ERS29380148 

6 59 HIV+ (CD4: 
643/mm3), STI 

history (CT, NG, 
Tp, HSV) 

Upper thighs, 
umbilicus, groin 

None 2026 Feb 3 
(Lyon) 

2026 Feb 11 2026 Feb 18 ERS29380149 

7 42 STI history (NG, 
Tp), cannabis and 

cocaine use 

Scalp, beard, 
scrotum, 

abdomen, 
limbs, anal 

margin 

S. aureus Regular 
attendance, 
1/wk (Lyon) 

2026 Feb 10 2026 Feb 19 ERS29380150 

8 45 HIV PrEP use, 
 STI history (CT) 

Penis, scrotum, 
pubic region, 

upper left thigh 

Staphylococcus 
lugdunensis 

2026 Feb 5 
(Lyon) 

2026 Feb 11 2026 Feb 20 ERS29380440 

9 22 HIV PrEP use Scrotum, 
inguinal folds 

S. aureus None 2026 Feb 6 2026 Feb 20 Not 
sequenced 

*CT, Chlamydia trachomatis; ENA, European Nucleotide Archive; HSV, herpes simplex virus; HPV, human papillomavirus; NG, Neisseria gonorrheae; 
PrEP, preexposure prophylaxis; Pt., patient; STI, sexual transmitted infection; Tp, Treponema pallidum subspecies pallidum; +, positive. 
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D. congolensis infection on the buttocks, occurring 8 
weeks after the first occurrence (Figure 1, panel D). 
His ongoing visits to the same sauna after recovery 
and the different infection site suggest reinfection 
rather than relapse.

Compared with previous reports of dermatophi-
losis, the predominantly papular and noncrusted 
manifestation observed here might differ from the 
classical description, raising the possibility of a dis-
tinct clinical phenotype. Moreover, lesions mainly 
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Figure 1. Dermatophilosis 
lesions in patients in cluster of 
suspected sexual transmission of 
dermatophilosis among men who 
have sex with men, Lyon and 
Paris, France, 2025–2026. A) 
Papular lesions of the neck and 
torso in patient 1. B) Folliculitis 
of the beard in patient 2. C) 
Papules of the groin and scrotum 
in patient 3. D) Papulopustular 
lesions of the buttocks during 
second occurrence in patient 1.

Figure 2. Results of sample testing in cluster of suspected sexual transmission of dermatophilosis among men who have sex with men, 
Lyon and Paris, France, 2025–2026. A, B) Dermatophilus congolensis colonies obtained on blood agar after 40 hours of incubation, 
seen with the naked eye (A) and by stereomicroscope (B). C) Microscopic examination of D. congolensis isolated from patient 1 skin 
sample. Gram staining; scale bar indicates 25 µm.
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affected areas exposed during sexual intercourse 
(face and genitals), mirroring patterns seen in sexu-
ally transmitted dermatophytosis or K. aerogenes fol-
liculitis (12–14). Whereas no mucosal lesions were ob-
served in this cluster, rare literature reports indicate 
that D. congolensis can infect human mucosa, justify-
ing detailed clinical examination (6,11). In some oc-
currences, S. aureus and S. lugdunensis were also iso-
lated from lesion sampling and might have modified 
clinical manifestations. Their involvement compli-
cates the interpretation of D. congolensis pathogenic-
ity in the given occurrences. Secondary infection of 
Dermatophilus-induced lesions by such pathogens is 
the most probable explanation, although co-transmis-
sion remains possible.

Although no direct sexual contact between pa-
tients could be formally established, the temporal 
clustering, overlapping sexual exposures, shared 
multiple STI history, lesion distribution, and close ge-
nomic relatedness of isolates strongly support trans-
mission occurring within shared exposure networks, 
likely involving close physical or sexual contact. The 
presence of viable bacteria within lesions is consistent 
with the hypothesis of contact-driven transmission, 
although the exact transmission route remains uncer-
tain. Environmental or indirect transmission within 
shared venues remains possible; no environmental 
sampling or carriage screening was performed at the 
time of the study to clarify transmission pathways.

Conclusions
We describe a large occurrence of human derma-
tophilosis cases in an urban population of sexually 
active MSM without reported livestock exposure. 
The combination of close genomic relatedness be-
tween the 8 sequenced isolates and shared sexual 
exposures suggest interhuman transmission within 
sexual networks. Systematic microbiologic evalu-
ation of atypical cutaneous lesions is essential for 
identifying similar cases and clarifying transmission 
of emerging cutaneous STIs among MSM. Evolving 
sexual practices in the HIV preexposure prophylaxis 
era (15) could lead to emergence of new transmis-
sible dermatoses (12–14). Microbiologists should en-
sure that D. congolensis is included in reference spec-
tral libraries, be able to recognize its colonies in the 
context of skin infection, and report its identification 
to clinicians.
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Dermatophilosis is a skin infection caused by Derma-
tophilus congolensis, a gram-positive actimoycete 

that primarily affects animals in tropical and subtropi-
cal regions (1). Human infections are rare and typically 
associated with zoonotic exposure to livestock or wild-
life; manifestations include pitted keratolysis, folliculi-
tis, and pustules (2–6). Human-to-human transmission 
has not been documented. Here, we report 9 cases of 
dermatophilosis diagnosed in Barcelona, Spain, and 
assess the possibility of autochthonous human-to- 
human transmission via sexual contact.

The Study
The cases involved 2 patients who attended primary 
healthcare centers in December 2025 and March 2026 
and 7 patients who attended a reference clinic for 
sexually transmitted infections (STIs) during Janu-
ary–March 2026 (Table). All patients were cisgender 

men who reported having sex with men (MSM). The 
median age was 47 years (interquartile range 30.5–57.5 
years). Four patients were HIV-positive and 3 were 
receiving HIV preexposure prophylaxis therapy. Four 
patients had concomitant STIs, and 3 reported engag-
ing in chemsex (drug use in a sexual context).

None of the patients reported contact with live-
stock or wildlife, and none had traveled to tropical 
regions in the month before symptom onset. Four pa-
tients reported recent travel to other cities in Europe 
where they engaged in sexual activity. All patients 
reported visiting venues for sexual encounters within 
the week preceding symptom onset, including 8 who 
had visited a sauna. Two patients were regular sexual 
partners, and 2 others reported partners with similar 
symptoms who were treated in other centers without 
microbiological confirmation.

Median symptom duration at consultation was 6 
days (interquartile range 4.5–15 days). Lesions manifest-
ed as an itchy folliculitis-like rash characterized by pap-
ules, vesicles, pustules, scabs, nodules, or scaly lesions 
(Figure 1). Multiple anatomic sites were affected, most 
commonly the genitals, thighs, groin, and beard area.

Five patients were treated with cefadroxil (500 mg 
2×/d for 7 d) resulting in complete resolution of lesions 
in all but 1 case, who had a residual nodular lesion. 
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One patient was successfully treated with cloxacillin 
(500 mg/6 h for 7 d). Two patients showed cleared le-
sions after treatment for concomitant STIs (benzathine 
penicillin G for syphilis and ceftriaxone and doxycy-
cline for gonorrhea and lymphogranuloma venereum). 
One patient initially received topical mupirocin with 
partial response but achieved complete resolution af-
ter doxycycline therapy (100 mg 2×/d for 7 d). None 
of the patients required hospitalization or experienced 
any complications. As of April 2026, no recurrences had 
been observed.

Skin lesion samples cultured on Columbia 
5% sheep blood agar produced small yellowish 
β-hemolytic colonies. Gram staining revealed gram-
positive coccoid forms occasionally arranged in irreg-
ular filaments with transverse septa. Identification by 
matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry confirmed D. congolensis.

All isolates showed identical antimicro-
bial susceptibility profiles and were susceptible 
to amoxicillin/clavulanate (MIC <2/1 mg/L), 
ceftriaxone (MIC <4 mg/L), cefepime (MIC <1 
mg/L), imipenem (MIC <2 mg/L), linezolid (MIC 
1 mg/L), amikacin (MIC 4 mg/L), moxifloxa-
cin (MIC <0.25 mg/L), doxycycline (MIC <0.12 
mg/L), minocycline (MIC <1 mg/L), clarithromy-
cin (MIC <0.06 mg/L), and trimethoprim/sulfa-
methoxazole (MIC <0.25/4.75 mg/L). All isolates 
were resistant to tobramycin (MIC 16 mg/L) and 
showed intermediate susceptibility to ciprofloxa-
cin (MIC 2 mg/L). We interpreted susceptibility on 
the basis of CLSI 2023 breakpoints for other aero-
bic actinomycetes (7) because no organism-specific 
breakpoints are available for D. congolensis. MIC for  
mupirocin was >1,024 mg/L for all isolates; no clini-
cal breakpoints are available.

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 6, June 2026	 965

 
Table. Epidemiologic and clinical characteristics of dermatophilosis cases in men who have sex with men, Barcelona, Spain, 
December 2025–March 2026* 

Pt 
no. 

Age, 
y HIV 

Travel in 
previous 
month Chemsex 

Visited sex 
venue in 

week before 
symptom 

onset 

Sexual 
partner with 
symptoms 

STI co-
infection 

Symptom 
duration, 

d 
Infection 

site 
Lesion 
types Treatment 

1 61 N London, 
UK 

N Y, sauna Y Early 
latent 

syphilis 

15 Thorax Vesicles, 
Pustules 

Benzathine 
penicillin 

2 27 N, on 
PrEP  

Toulouse, 
France 

N Y, sauna  Y N 5 Beard, 
penis, 

scrotum, 
thigh 

Papules, 
vesicles, 
pustules 

Mupirocin, 
doxycycline 

3 47 Y, on 
ART; 

CD4 495 
cells/mm3 

N Y, CM Y, sex club  N Early 
latent 

syphilis 

10 Buttock, 
scrotum, 

groin 

Scaly 
papules 

Cefadroxil 

4 49 N, on 
PrEP  

Vienna, 
Austria; 

Budapest, 
Hungary 

N Y, sauna  Y, pt. no. 5 N 6 Beard, 
penis, 
groin 

Pustules, 
nodules 

Cefadroxil 

5 54 N, on 
PrEP  

Vienna, 
Austria; 

Budapest, 
Hungary 

N Y, sauna  Y, pt. no. 4 N 3 Thigh, 
armpit 

Vesicles, 
pustules 

Cefadroxil 

6 32 N No N Y, sauna  N NG, 
LGV, 

HSV-2 

45 Thigh Nodules, 
scaly 

lesions 

Ceftriaxone, 
doxycycline 

7 66 Y, on 
ART; 

CD4 217 
cells/mm3 

N Y, CM, 
GHB, 

4-MMC 

Y, sauna  N No 15 Beard Scaly 
papules, 

scabs  

Cefadroxil  

8 29 Y, on 
ART; 

CD4 860 
cells/mm3 

N N Y, sauna N NG, CT 4 Scrotum Pustules, 
scabs 

Cefadroxil 

9 37 Y, on 
ART; 

CD4 475 
cells/mm3 

N Y, CM, 
GHB 

Y, sauna N N 5 Perianal, 
groin, 
thigh 

Scaly 
papules, 
pustules, 

scabs 

Cloxacillin 

*4-MMC, mephedrone; ART, antiretroviral therapy; chemsex, drug use in a sexual context; CM, methamphetamine; CT, Chlamydia trachomatis; GHB, 
gamma-hydroxybutyric acid; HSV-2, herpes simplex virus type 2; LGV, lymphogranuloma venereum; NG, Neisseria gonorrhoeae; PrEP: preexposure 
prophylaxis; STI, sexually transmitted infection; pt., patient. 
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We performed whole-genome sequencing (WGS) 
on isolates from patients 1–7. WGS demonstrated 
extremely close genetic relatedness among isolates; 
pairwise single-nucleotide polymorphism (SNP) 
distances were 0–4 SNPs. We also performed phylo-
genetic comparisons between the isolates from this 
study and publicly available D. congolensis genomes, 
including 40 genomes from cattle in Saint Kitts and 
Nevis (8) and reference strain D. congolensis DSM 
44180 from the Democratic Republic of the Con-
go, all from the National Center for Biotechnology  
Information Sequence Read Archive (https://www.
ncbi.nlm.nih.gov/sra). Those comparisons showed 
that the study isolates formed a distinct cluster clear-
ly separated from previously described strains; mini-
mum SNP distance was 20,410 to the closest reference 
genome (Figure 2).

Genomic comparison with reference strain D. 
congolensis DSM 44180 yielded an average nucleo-
tide identity of 94.55%, below the species delineation 
threshold of 95%–96% (9). Digital DNA–DNA hy-
bridization values among study isolates were 99.9%–
100%, whereas values compared with the reference 
strain were 58.7%, below the 70% threshold for spe-
cies delineation (9). Those findings suggest that the 
isolates are genetically distinct from currently de-
scribed D. congolensis strains and are consistent with 
a potentially novel Dermatophilus taxon, although fur-
ther taxonomic characterization would be required to 
formally define a new species.

Conclusions
We report human cases of dermatophilosis for which 
no animal exposure was identified and which are  
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Figure 1. Dermatophilosis lesions in patients in cluster of suspected sexual transmission among men who have sex with men, 
Barcelona, Spain, December 2025–March 2026. A) Papule-pustules on the beard area; B) papulovesicular lesions on the penis and 
scrotum; C) pustular rash in the armpit; D) vesicle-pustules on the thigh; E) erythematous scaling papules on the beard area; F) 
erythematous scaling papules in the perianal region.
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suspected to have been sexually acquired. All cases 
occurred in MSM with high exposure to STIs, several 
patients reported partners with similar symptoms, 
and lesions were commonly located in sites exposed 
during sexual contact. Those features were similarly 
described for other considered zoonotic pathogens 
that emerged as sexually transmissible, such as mpox 
virus (10) and Trichophyton mentagrophytes (11). As has 
already been observed, MSM are particularly vulner-
able to such emerging infections, probably because of 
the complexity of their sexual networks (12).

Attendance at sexual venues might have been a 
factor in transmission in this cluster. In particular, 
8 patients developed lesions shortly after visiting a 
sauna, where humid conditions could favor the re-
lease and environmental persistence of infective Der-
matophilus zoospores (13,14). Indirect transmission 
might occur via contaminated surfaces; fomite-medi-
ated outbreaks have been described in animals (15). 

However, based on the anatomic distribution of le-
sions, direct skin-to-skin contact during sexual activ-
ity likely represents the main route of transmission.

All cases in this series were mild and resolved 
easily without complications. Most patients re-
sponded well to short courses of commonly used 
antibiotics, including β-lactams or doxycycline. 
That finding is consistent with previous reports of 
human dermatophilosis as a mostly benign condi-
tion (2–6). Although dermatophilosis might resolve 
spontaneously over several weeks, accelerated re-
covery through antibiotic therapy could help reduce 
transmission within the community. Antimicrobial 
susceptibility testing showed a broad susceptibility 
profile to several antibiotic classes, suggesting that 
standard oral treatments remain effective. In the 
case of mupirocin, the finding of a high MIC sug-
gests that this topical antibiotic might not be the 
most suitable treatment option.
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Figure 2. Phylogenetic analysis 
of Dermatophilus isolates in 
cluster of suspected sexual 
transmission of dermatophilosis 
among men who have sex 
with men, Barcelona, Spain, 
December 2025–March 2026. 
Maximum-likelihood phylogenetic 
tree shows Dermatophilus 
isolates from patient nos. 1–7 
obtained in this study (bottom of 
tree) compared with 40 genomes 
from cattle in Saint Kitts and 
Nevis (8), and reference strain 
D. congolensis DSM 44180 
(all from the National Center 
for Biotechnology Information 
Sequence Read Archive, https://
www.ncbi.nlm.nih.gov/sra). 
Scale bar indicates nucleotide 
substitutions per site.
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Genomic findings support recent Dermatophilus 
transmission among humans. The WGS of isolates 
showed a close genetic relationship, consistent with 
a recent common ancestor and short transmission 
chains. The isolates formed a well-supported phy-
logenetic cluster distinct from publicly available 
D. congolensis genomes, suggesting the circulation 
of a single lineage rather than multiple indepen-
dent introductions and representing a novel taxon 
within the genus Dermatophilus. This previously 
undescribed taxon circulating in humans could 
potentially contribute to the epidemiologic pattern 
observed, although further studies are needed to 
clarify its ecologic niche, host range, and transmis-
sion dynamics.

In summary, this cluster of genetically closely 
related cases of dermatophilosis within sexual net-
works suggests that this condition might be emerg-
ing as a sexually transmissible infection, although 
environmental transmission cannot be excluded. 
Because clinical manifestations can be nonspecific 
and laboratory identification is uncommon in STI 
clinics, cases could remain unrecognized. Clini-
cians should therefore suspect dermatophilosis in 
MSM who have a folliculitis-like pustular rash in-
volving genital or adjacent areas and should con-
sider oral antibiotic treatment and comprehensive 
STI screening. Cross-border surveillance could 
help determine whether similar cases are occurring 
elsewhere.

This work was carried out within the frame of the Doctoral 
Program in Medicine at the Universitat Autonoma de  
Barcelona. The study was approved by the Ethics 
Committee of Vall d’Hebron Hospital, reference no. 
PR(AG)080/2026. The study was conducted in accordance 
with the principles laid out in the Declaration of Helsinki 
and in accordance with the principles of Good Clinical 
Practice. Informed consent was obtained from participants 
prior to the inclusion of their data in the analysis, includ-
ing authorization for the publication of clinical images.

WGS data generated in this study has been deposited  
in the National Center for Biotechnology Information  
Sequence Read Archive under BioProject accession no.  
PRJNA1433182. All D. congolensis sequences used in  
this study, including accession numbers and  
associated metadata, are described in the Appendix 
(https://wwwnc.cdc.gov/EID/article/32/6/ 
26-0476-App1.xlsx).

This study was partially supported by the “Centro de 
Investigación Biomédica en Red” (CIBER de Enfermedades 
Infecciosas; grant no. CB21/13/00054).

About the Author
Dr. Descalzo is an internal medicine specialist working 
in the STI/HIV unit Drassanes-Hospital Vall d’Hebron 
in Barcelona, Spain. His primary research interest is in 
emerging sexually transmissible infections.
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Lymphocytic choriomeningitis virus (LCMV) is an 
underappreciated congenital pathogen carried by 

rodents (1). Congenital LCMV infection is associated 
with pathognomonic chorioretinitis and a variety of 
neurologic malformations (2). A case of fetal hydrops 
caused by congenital LCMV also has been reported 
(3). In a large maternal seroprevalence study, we 
found that 2.5% of a random sample of 1,000 women 
who gave birth in Philadelphia, Pennsylvania, USA, 
were LCMV IgG–positive (4). Those data support that 
pregnant women are at risk for LCMV exposure in 
a major urban area and that LCMV acquired during 
pregnancy can cause devastating short- and long-
term outcomes for newborns.

The placenta nourishes the fetus in the womb 
and protects it from pathogens (5). Select pathogens 
can inflame and disrupt the structure and function 
of the placenta (6). The effects of congenital LCMV 
infection on the placenta remain unknown. Here, 

we provide evidence of inflammatory and vascular 
placental pathology in 2 cases of probable congenital 
LCMV infection in Philadelphia, diagnosed by clini-
cal history, clinical findings, and neonatal and mater-
nal serologic studies.

The Cases
The first case occurred in a 22-year-old G2P1 (2 preg-
nancies, 1 delivery) woman examined for multidis-
ciplinary evaluation after severe fetal cerebral ven-
triculomegaly was identified on routine ultrasound 
growth scan at 36 weeks’ gestation (Figure 1, panel 
A). Umbilical artery, middle cerebral artery, and duc-
tus venosus Doppler indices were within normal lim-
its for gestational age. The anatomy scan at 26 weeks’ 
gestation revealed echogenic bowel but no other ab-
normalities. The pregnancy was complicated by ges-
tational diabetes. Maternal prenatal laboratory test-
ing demonstrated immunity to rubella virus, as well 
as prior exposure (IgG-positive) to cytomegalovirus 
(CMV) and Toxoplasma. The woman reported 2 pet 
dogs at home but denied exposure to rodents during 
pregnancy. She recalled subjective fever and chills at 
16 weeks’ gestation.

A male infant was born by repeat cesarean de-
livery at 38 weeks 4 days’ gestation. Birthweight 
was at the 71st percentile and head circumference 
at the 97th percentile for age. Postnatal magnetic 
resonance imaging (MRI) confirmed cerebral ven-
triculomegaly, and ophthalmologic evaluation 
demonstrated chorioretinitis (Figure 1, panels B, 
C), prompting evaluation for congenital infection. 
Newborn laboratory evaluation showed Toxo-
plasma IgG-positive and IgM-negative and rubella 
virus IgM-negative on serology; PCR of urine was 
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Congenital lymphocytic choriomeningitis virus (LCMV) in-
fection is associated with major neurologic malformations 
and fetal demise. We report 2 cases of probable congeni-
tal LCMV infection and chorioretinitis, cerebral ventricu-
lomegaly, and placental histopathology in Philadelphia, 
Pennsylvania, USA. Clinicians who suspect congenital 
LCMV infection should screen for chorioretinitis, LCMV 
antibodies, and evidence of placental pathology.
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CMV-negative, and PCR of serum was herpes sim-
plex virus (HSV)–negative. The infant’s LCMV 
IgG titer was 1:2,560 and LCMV IgM was nega-
tive (<1:10). Maternal LCMV serologic testing was  
not performed.

Placental weight was at the 50th percentile for 
gestational age. Gross pathology showed 2 sub-
chorionic intervillous thrombi and a peripheral in-
traparenchymal thrombus (Figure 2, panels A, B). 
Pathologic examination demonstrated high-grade 

Figure 1. Imaging findings for ventriculomegaly and chorioretinitis associated with congenital lymphocytic choriomeningitis virus 
infection, Philadelphia, Pennsylvania, USA. A–C) Case 1; D–F) case 2. A) Routine ultrasonography at 36 weeks’ gestation, 
demonstrating severe cerebral ventriculomegaly in the fetus (black space between markers on the anatomic right and the unmarked 
black space on the anatomic left). B) Postnatal (38 weeks 4 days’ gestation) brain magnetic resonance imaging of newborn confirmed 
severe cerebral ventriculomegaly (large, white, fluid-filled spaces bilaterally and in the center of the image). C) Fundoscopic 
examination of newborn, revealing multiple areas of chorioretinitis (arrows). D) Routine ultrasonography at 36 weeks’ gestation, 
demonstrating severe cerebral ventriculomegaly in the fetus. E) Postnatal (38 weeks 5 days’ gestation) brain magnetic resonance 
imaging of newborn confirmed severe cerebral ventriculomegaly. F) Fundoscopic examination of newborn, revealing a large area of 
chorioretinitis (arrow).

Figure 2. Pathologic findings of placental vascular anomalies associated with congenital lymphocytic choriomeningitis virus infection, 
Philadelphia, Pennsylvania, USA. A, B) Placenta from case 1; C) placenta from case 2. A) Gross pathology of the fetal surface showing 
yellow-white subchorionic intervillous thrombi (arrows). B) Cross sections of the placenta showing a subchorionic intervillous thrombus 
(arrow) and a peripheral intraparenchymal thrombus (white dashed circle). C) Gross pathology of the fetal surface of placenta with 
marginal insertion of three vessel umbilical cord and acute subamniotic hemorrhage (arrow). No additional gross lesions were identified 
after serial sectioning.

Placental Vascular Pathology Associated with LCMV
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fetal vascular malperfusion. We noted multiple 
foci of avascular villi, similar to that reported in 
congenital CMV infection (7), and some villi had 
stromal hemosiderin deposition (Figure 3, panels 
A, B). The maternal-fetal interface showed chronic 
deciduitis with plasma cell infiltration (not shown) 
and focal, low-grade chronic villitis in the pla-
cental parenchyma (Figure 3, panel B). We noted  
evidence of low-grade maternal vascular perfusion, 
and mural hypertrophy of membrane arterioles, 
mild accelerated villous maturation with patchy 
increase in syncytial knots (8,9), mildly increased 
perivillous fibrin deposition, and variable villous 
agglutination.

The second case occurred in a 27-year-old G5P4 
woman examined for multidisciplinary evaluation 
at 38 weeks’ gestation. Routine ultrasound growth 
scan revealed severe fetal cerebral ventriculomega-
ly (Figure 1, panel D). Doppler velocimetry studies 
were within reference limits for gestational age. As 
in case 1, this mother had an unremarkable prena-
tal anatomy scan at 20 weeks’ gestation. Routine 
prenatal laboratory tests were unremarkable, and 
no additional testing for CMV, HSV, or Toxoplasma 
was performed. By maternal report, at 24 weeks’ 
gestation, she had severe meningitis diagnosed 
during a 2-week hospital admission. A causative 
agent was not identified, and the mother reported 

Figure 3. Microscopic findings for placental vascular pathology associated with congenital lymphocytic choriomeningitis virus infection, 
Philadelphia, Pennsylvania, USA. Hematoxylin and eosin–stained cross-sections of placenta from case 1 (A, B) and case 2 (C–I). A) 
Avascular villi surrounded by pink perivillous fibrin (asterisks) with scattered foci of rust-colored hemosiderin deposition (arrows) within 
the hyalinized stroma. Original magnification ×200. B) Cluster of avascular villi in the center of the image (asterisk) with scattered 
intravillous lymphocytes (arrows), compatible with chronic villitis. Original magnification ×200. C) Plasma cells (arrow) within the basal 
plate, consistent with chronic deciduitis. Original magnification ×200. D) Chronic villitis and perivillitis involving stem villi vessels (circle), 
with an associated avascular villus (asterisk) and fibrin deposition (arrow). Original magnification ×100. E) Chronic villitis (asterisk) with 
villous stromal vascular karyorrhexis; arrows point to examples of extravasated, fragmented erythrocytes and nuclear debris. Original 
magnification ×100. F) Histiocytic intervillositis (arrows) adjacent to avascular villi (asterisks) with perivillous fibrin deposition. Original 
magnification ×400. G–I) Avascular villi with associated perivillous fibrin deposition (dashed ellipses). G) Original magnification ×40; H, I) 
original magnification ×100. 
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recovering fully from the illness. The pregnancy 
was otherwise uncomplicated.

A female infant was born at 38 weeks 5 days’ ges-
tation by primary cesarean delivery because of fetal 
hydrocephalus and macrocephaly. Birthweight was 
at the 16th percentile and head circumference at the 
54th percentile for age. Postnatal neuroimaging dem-
onstrated severe ventriculomegaly, and postnatal 
ophthalmologic examination demonstrated chorio-
retinitis (Figure 1, panels E, F). Therefore, we evalu-
ated the newborn for congenital infections; serum test 
results were negative for Toxoplasmosis IgM and IgG 
and rubella IgM, and PCR on urine was CMV-neg-
ative. The newborn’s serum LCMV IgG was 1:2,560; 
LCMV IgM was negative (<1:10).

Upon further questioning, the mother revealed 
exposure to a rodent infestation in the home dur-
ing pregnancy. The mother’s serum LCMV IgG was 
1:10,240 and was IgM-positive at 1:10. The maternal 
exposure to rodent excreta, plus meningitis, serologic 
data, and timing of the fetal ventriculomegaly, sug-
gest a diagnosis of congenital LCMV infection ac-
quired during the second trimester.

Placental weight was less than the 10th percentile 
for gestational age. Gross pathology showed an acute 
subamniotic hemorrhage (Figure 2, panel C). The pla-
centa in case 2 exhibited inflammatory changes of the 
maternal–fetal interface, including mild chronic de-
ciduitis with plasma cell infiltrates (Figure 3, panel C), 
chronic chorionitis (not shown), multifocal low-grade 
chronic villitis, and perivillitis involving terminal and 
stem villi (Figure 3, panels D, E). The placenta from 
case 2 also exhibited focal histiocytic intervillositis (Fig-
ure 3, panel F), defined by inappropriate accumulation 
of macrophages into the intervillous space and associ-
ated with fetal growth restriction or demise (10,11). We 
noted multiple foci of avascular villi and villous stro-
mal vascular karyorrhexis, often associated with peri-
villous fibrin deposition (Figure 3, panels E–I). Those 
pathologic changes are compatible with high-grade 
fetal vascular malperfusion (12). Given the proximity 
of the microanatomic abnormalities and inflammation, 
the placental pathology might reflect progression of 
the inflammatory changes observed.

The clinical, radiographic, ophthalmologic, and 
serologic data in the 2 cases we describe support 
probable congenital LCMV infection, acquired dur-
ing the 2nd trimester of pregnancy, with profound 
long-term consequences. Both children underwent 
ventriculoperitoneal shunt placement for hydro-
cephalus and endured several episodes of shunt 
malfunctions requiring shunt revisions. The child 
in case 1 had hemiplegia, obstructive sleep apnea, 

and motor and cognitive delays diagnosed. The 
child in case 2 had spastic quadriplegic cerebral 
palsy, epilepsy, and motor and cognitive delays di-
agnosed. Both children remain dependent on mul-
tiple subspecialists, an array of medical technolo-
gies, and aggressive physical, occupational, and 
speech therapy regimens. 

Conclusions
Whole-exome sequencing was unrevealing for either 
case in this report. In an era of increasingly accessible 
but costly and time-intensive genetic testing, obstet-
ric and neonatal providers should consider congeni-
tal LCMV in the differential diagnosis of congenital 
neurologic malformations. Definitive diagnosis of 
any congenital infection remains challenging, how-
ever. Diagnosis is often made retrospectively, long 
after acute maternal infection. Mothers can exhibit 
minimal systemic symptoms (as in case 1) or severe 
clinical illness (as in case 2). Because few readily 
available tools are available to identify LCMV with-
in the placenta, clinicians have relied on a constel-
lation of clinical, imaging, and serologic findings in 
the mother and infant to diagnose congenital LCMV 
infection (13). 

To establish causality between LCMV and con-
genital findings in the future, detecting LCMV within 
the placenta of suspected cases will be essential. In 
the meantime, we propose that infants with suspected 
congenital infection undergo ophthalmologic screen-
ing for chorioretinitis and serologic testing for LCMV 
antibodies. We also recommend maternal serologic 
testing to support the diagnosis and provide insight 
into the timing of infection. Preventing congenital 
LCMV requires minimizing prenatal exposures and 
halting vertical transmission during pregnancy. Fu-
ture mechanistic investigations into LCMV-associat-
ed fetoplacental injury are urgently needed. Then, we 
can develop new therapies to preserve healthy pla-
cental function and normal fetal neurodevelopment 
in the setting of congenital LCMV.
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research across international institutions. 
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pital for Tropical Diseases and University 
College in London, explains the intricacies 
behind the development and distribution 
of biological reference materials. 
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Since the 2009 swine influenza pandemic, sporadic 
human infections with swine influenza A viruses 

(swIAVs) continue to occur, including rare instances 
of onward human-to-human transmission, highlight-
ing the ongoing pandemic risk (1–4). Pigs are key 
reservoirs and mixing vessels for influenza A virus 
(IAV) evolution; transmission between humans and 
pigs is frequent and bidirectional (5,6). Active epide-
miologic and genomic surveillance at the swine–hu-
man interface is therefore essential for early detection 
and risk assessment of emerging strains.

In Switzerland, pig production is less intensive; 
herds remain relatively isolated from neighboring 
countries because of strict regulations and minimal 
import of live pigs (7,8). Infrequent use of swIAV 
vaccines allows for natural viral evolution without 
vaccine-driven selective pressures (9); country-specif-
ic transmission chains may exist within pig herds in 
Switzerland. The ongoing national surveillance pro-
gram for swIAV relies primarily on partial hemagglu-
tinin (HA) and neuraminidase (NA) gene sequences, 

limiting its ability to identify emerging swIAV lineag-
es in pig herds (10).

To investigate the epidemiology and genetic 
diversity of swIAV in pig herds, we established a 
whole-genome sequencing (WGS)–based swIAV sur-
veillance program. We obtained samples from symp-
tomatic and randomly selected pig herds; pig care-
takers with respiratory illness voluntarily provided 
self-collected nasal swab specimens. Here, we report 
a zoonotic transmission event involving Eurasian avi-
an-like (EA) swine influenza A(H1N1) virus detected 
concurrently in a farmer and his pig herd through 
WGS surveillance.

The Study
On November 27, 2023, a respiratory disease out-
break was reported in a herd of ≈180 fattening pigs, 4 
weeks after the introduction of 90 growing pigs from 
another herd from within Switzerland. Upon clinical 
examination, ≈80% of pigs showed apathy and fever 
(<40.3°C) and sporadic respiratory signs. The farmer, 
who was 40–50 years of age with no reported under-
lying conditions, experienced a mild influenza-like 
illness 2 weeks earlier and reported similar symp-
toms in 2 household members. The farmer was not 
vaccinated against seasonal influenza and reported 
no contact with other pig herds.

We collected nasal swab samples from pigs and 
the farmer through our WGS-based surveillance 
program and the national swIAV surveillance sys-
tem. Within the WGS surveillance framework, we 
screened 5 pig samples (A0001–A0005) and 1 farm-
er sample (H0001) for IAV using a pan-IAV matrix  
gene–specific quantitative reverse transcription 
PCR assay on extracted viral RNA (Appendix  
Table 1, https://wwwnc.cdc.gov/EID/article/32/6/ 
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25-1487-App1.pdf) (11). All samples tested positive; 
viral loads were higher in pigs (crossing point [Cp] 
value 24–26) than in the farmer sample (Cp 32) (Table 
1). After confirming variant H1N1 (H1N1v) infection 
in the farmer, we notified veterinary and public health 
authorities and reported the case through the World 
Health Organization National Focal Point in accor-
dance. Nine days after case confirmation, nasal swabs 

from all 3 household contacts tested negative for IAV 
at the Swiss National Reference Centre for Influenza 
(NRCI) (Figure 1) (A.R. Gonçalves Cabecinhas, pers. 
comm., email, 2024 Dec 2).

We performed WGS as described previously 
(12), achieving high read depth (>1,000´) overall; 1 
segment showed lower coverage (>100´), sufficient 
for complete genome assembly (Table 1; Appendix 

 
Table 1. Sample and sequencing data collected in study of influenza A(H1N1) virus in pigs and farmer, Switzerland, November 2023* 
Sample Host Life stage* Crossing point value Total no. reads No. (%) viral reads  
A0001 Pig Fattening pig 24.60 454,678 448,020 (98.5) 
A0002 Pig Fattening pig 25.76 276,888 271,662 (98.1) 
A0003 Pig Fattening pig 23.79 571,358 563,098 (98.5) 
A0004 Pig Fattening pig 25.10 358,462 353,591 (98.6) 
A0005 Pig Fattening pig 26.07 1,173,972 1,161,694 (98.9) 
H0001 Human Adult 32.47 10,779 8,174 (74.6) 
*Life stage for pigs is »22 wk; for human adult, 40–50 y. 

 

Figure 1. Timeline of events from study of swine-origin influenza A(H1N1) virus in pigs and farmer, Switzerland, November 2023. Image 
depicts the chronology of symptoms in pigs and humans, sampling dates, and household investigations, along with corresponding qRT-
PCR results. Figure created in BioRender (Mwanga M, 2025, https://BioRender.com/te6k5rt). IAV, influenza A virus; ILI, influenza-like 
illness; NRCI, National Reference Centre for Influenza, Switzerland; M, matrix; qRT-PCR, quantitative reverse transcription PCR; ZIV, 
Institute of Virology, Vetsuisse Faculty, University of Zurich; –, negative; +, positive. 
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Table 1, Figure 1). We subtyped all viruses from hu-
man and pig samples as swine H1N1 (swH1N1); 
nucleotide identity was >99.9% across all genomic  

segments. Phylogenetic analysis with publicly avail-
able swH1N1 sequences from Switzerland and Eu-
rope showed that all study viruses were assigned 

Figure 2. Maximum-likelihood phylogenetic tree from study of swine-origin influenza A(H1N1) virus in pigs and farmer, Switzerland, 
November 2023. We mapped hemagglutinin (HA) gene codon sequences, showing lineage classification of the study swine H1N1 virus 
based on lineage reference sequences and HA-H1 sequences from viruses identified in Switzerland and other Europe countries (2020–
2023). The tree shows classification based on the 3 major swine H1N1 lineages: 1A, 1B, and 1C. Orange shading indicates swine H1N1 
HA sequences from pig samples; blue indicates sequence from the farmer. Other swine H1N1 HA sequences from Switzerland are 
marked with asterisks: blue for those identified in pig samples and red for those identified in human samples. Study sequences cluster 
within the Eurasian avian-like lineage clade 1C.2.2. Pig sequences from previous years are grouped in clades 1C.2.1. and 1C.2.2. Scale 
bar indicates substitutions per site.
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to the EA swH1N1 lineage, clade 1C.2.2, forming a 
monophyletic cluster for all genomic segments (Figure 
2; Appendix Figure 2). Similar to other EA swH1N1 
viruses, the Switzerland sequences harbored several 
amino acid substitutions associated with host speci-
ficity and antiviral resistance (Appendix Table 2).

We assessed low-frequency diversity by variant 
calling across all genomic segments. We detected 26 
minor single-nucleotide variants (SNVs) at 6%–50% 
frequency, resulting in 17 nonsynonymous muta-
tions. We detected 4 human-specific SNVs, including 
C1771T (H0001), which resulted in a premature stop 
codon in the polymerase acidic (PA) gene (Q591*). 
We identified 4 SNVs shared between human and 
pig samples, including G515A, which resulted in the 
HA-G172E mutation associated with antigenic drift 
and potential immune escape (Appendix Table 3, 
Figure 3) (13). We detected 1 SNV (PB2–1447), lead-
ing to a T483A mutation, in all samples. The presence 
of shared SNVs supports epidemiologic linkage be-
tween the farmer and pigs.

Finally, we compared HA antigenic residues of 
study viruses to the 2023–24 human seasonal vaccine 
strain and a contemporaneous (2023) human H1N1 se-
quence (Table 2). We identified multiple substitutions 
in the swH1N1 sequences across defined antigenic 
sites Sa/Sb, Ca1, Ca2, and Cb; the contemporaneous 

human seasonal virus differed from the vaccine strain 
by 2 antigenic residues. Overall, swH1N1 sequences 
from pigs and the farmer showed greater divergence 
at HA antigenic sites relative to the vaccine strain 
than the contemporaneous human seasonal virus, 
consistent with their evolutionary divergence from 
human H1N1 viruses.

Conclusions
This study reports the concurrent detection of EA 
swH1N1 virus in a farmer and his pigs in Switzerland. 
Evidence for zoonotic transmission is >99.9% genomic 
identity between viruses from the farmer and pigs, 
shared SNVs between hosts, and epidemiologic data 
consistent with transmission at the swine–human in-
terface. We identified several human-specific SNVs, 
but their functional significance remains unknown. 
We observed 1 SNV, PA C1771T (Q591*), at the con-
sensus level in 1 pig sample; however, we cannot infer 
transmission direction or functional significance on the 
basis of the available data. The lower viral load we ob-
served in the farmer sample may reflect previous im-
munity, timing of sampling, host-specific constraints, 
or the effects of the detected SNVs. We detected no 
onward transmission to household contacts; we could 
not exclude the possibility of secondary transmission 
because of the timing of sample collection. 

 
Table 2. Comparison of amino acid sequences in the hemagglutinin antigenic region of swine H1N1, human seasonal H1N1, and 
seasonal vaccine strains in study of influenza A(H1N1) virus in pigs and farmer, Switzerland, November 2023* 
Isolate HA-H1 residue positions 
Antigenic site Sa 124 125 153 154 155 156 157 159 160 161 162 163 164 
 Vaccine A/Wisconsin/67/2022 P N K K G K S P K I N Q T 
 Vaccine A/Victoria/4897/2022/H1N1 P N K K G K S P K I N Q T 
 Study A/Switzerland/H0001/2023/H1N1 P N K K G N A P K I R K S 
 Human seasonal H1N1 P N K K G K S P K I N Q T 
Antigenic site Sb 184 185 186 187 188 189 190 191 192 193 194 195 

 

 Vaccine A/Wisconsin/67/2022 T I T D Q E S L Y Q N A 
 

 Vaccine A/Victoria/4897/2022/H1N1 T I T D Q E S L Y Q N A 
 

 Study A/Switzerland/H0001/2023/H1N1 T D S D Q Q T L Y Q N N 
 

 Human seasonal H1N1 T I T D Q E S L Y Q N A 
 

Antigenic site Ca1 166 167 168 169 170 203 204 205 235 236 237 
  

 Vaccine A/Wisconsin/67/2022 I N D K G T S R E P G 
  

 Vaccine A/Victoria/4897/2022/H1N1 I N D K G T S R E P G 
  

 Study A/Switzerland/H0001/2023/H1N1 T N N K G S S K D Q G 
  

 Human seasonal H1N1 I N D Q G T S R E P G 
  

Antigenic site Ca2 137 138 139 140 141 142 221 222 
     

 Vaccine A/Wisconsin/67/2022 S H A G A R R D 
     

 Vaccine A/Victoria/4897/2022/H1N1 S H A G A R R D 
     

 Study A/Switzerland/H0001/2023/H1N1 S H S G T K R E 
     

 Human seasonal H1N1 P H A G A K R D 
     

Antigenic site Cb 70 71 72 73 74 75 
       

 Vaccine A/Wisconsin/67/2022 L S T A R S 
       

 Vaccine A/Victoria/4897/2022/H1N1 L S T A R S 
       

 Study A/Switzerland/H0001/2023/H1N1 L L T A D S 
       

 Human seasonal H1N1 L S T A R S  
      

*Comparison of amino acid sequences in the antigenic region among the human 2023–24 seasonal vaccine strains, the swine H1N1 (swH1N1) virus 
identified in this study, and a representative human seasonal H1N1 virus. Numbering is based on the recommended HA-H1 numbering scheme using the 
HA Subtype Numbering Conversion tool (https://www.bv-brc.org/app/HASubtypeNumberingConversion). Orange shading denotes mutations 
distinguishing the vaccine strain from the study swine H1N1 virus. Gray shading indicates mutations distinguishing the vaccine strain from the 
representative human seasonal virus. A, alanine; D, aspartic acid; E, glutamic acid; G, glycine; H, histidine; HA, hemagglutinin; I, isoleucine; K, lysine; L, 
leucine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, threonine; Y, tyrosine.  
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Genomic analysis revealed that the swH1N1 vi-
ruses identified in this study clustered with previous-
ly detected Switzerland sequences belonging to the 
EA lineage, clade 1C.2.2 (10). Despite limited avail-
ability of complete swH1N1 genome sequences from 
Switzerland, our findings are consistent with the 
presence of a relatively homogeneous swIAV popula-
tion in pigs, likely shaped by the closed herd system 
and low annual importation of live pigs. Similarly, 
in Norway, the circulation of a single lineage under 
a closed system highlighted the effect of production 
structure on viral evolution (14).  In contrast, greater 
swIAV genetic diversity has been reported in other 
countries in Europe (15). 

HA sequences of study swH1N1 viruses harbored 
multiple amino acid substitutions across defined an-
tigenic regions, whereas contemporary human H1N1 
strains differed from vaccine strains by only 1 or 2 resi-
dues. The detection of 1 SNV associated with HA an-
tigenic drift highlighted hidden evolution; that finding 
suggests potentially limited cross-protection from hu-
man vaccines for exposed workers, underscoring the 
need for targeted vaccination strategies for high-risk 
occupational groups. Our investigation was restricted 
to 1 outbreak and a limited number of samples; we 
used no serologic data and only partial comparative 
sequences from Switzerland, which limited our assess-
ment of evolutionary viral dynamics. Despite those 
constraints, the clinical, epidemiologic, and genomic 
evidence supports zoonotic transmission.

Concurrent detection of swIAV in pigs and hu-
mans is rare globally. The detection of EA swH1N1 
in pigs and a farmer in our study demonstrates zoo-
notic spillover and highlights the value of One Health 
surveillance. The viruses were genetically homog-
enous, yet antigenically distinct from contemporary 
human vaccine strains, emphasizing the need for ac-
tive WGS surveillance and genomic characterization 
at the swine–human interface, as well as continued 
monitoring and targeted preventive strategies for 
pig-exposed workers. 
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Dermatophytosis is a globally prevalent superfi-
cial fungal infection predominantly caused by 

Trichophyton species. T. indotineae has emerged glob-
ally and is frequently associated with terbinafine 
resistance, although susceptibility is not universal 
(1). Treatment options are limited and often require 
prolonged systemic therapy. We describe a case of re-
calcitrant dermatophytosis in Singapore and its man-
agement challenges; clinical resolution occurred only 
after combined treatment with anidulafungin and 
itraconazole. Informed consent was obtained from 
the patient for publication.

The Study
A 68-year-old man with hypertension sought care at 
National University Hospital, Singapore, for a 3-year 
history of recurrent pruritic groin plaques. Tinea cruris 
had been diagnosed initially by his general practitioner, 
and he received multiple courses of topical (clotrima-
zole and miconazole) and oral (griseofulvin, terbinafine, 
and itraconazole capsules) antifungal drugs; improve-
ment was transient despite adherence. He reported in-
termittent use of over-the-counter topical corticosteroid-
containing creams. Over the course of 3 years, lesions 
extended to the abdomen and gluteal region.

Initial examination showed extensive, sharply 
marginated, annular plaques with raised, scaly bor-
ders and central clearing over the lower abdomen, 

inguinal folds, gluteal region, and inner thigh (Fig-
ure, panel A); we noted no nail or scalp involvement. 
He was afebrile with no lymphadenopathy or sys-
temic findings. His hemoglobin A1c, renal, and liver 
function test results were unremarkable. A fourth-
generation HIV assay was negative. He was not on 
immunosuppressive therapy. 

Skin scrapings were obtained for fungal culture. 
Matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry using the VITEK MS 
System Knowledge Base version 3.2 (bioMérieux, 
https://www.biomerieux.com) identified the iso-
late as T. interdigitale, likely because of the absence 
of T. indotineae in the reference database. Sanger se-
quencing of the internal transcribed spacer 1 region 
identified T. indotineae, which was thereafter estab-
lished by whole-genome sequencing as well. At the 
time of management, clinical susceptibility testing 
was unavailable. 

The patient was started on itraconazole oral cap-
sules at 200 mg/day. Itraconazole levels checked 1 
week into treatment were below the assay’s limit of 
detection (<0.50 mg/L) despite adherence. Although 
target serum concentrations for dermatophytes are 
not well established, this finding raised concerns 
about inadequate bioavailability. The itraconazole 
dose was increased to 200 mg 2×/day. However, 
despite 6 weeks of therapy, the rash progressed. Ad-
junctive topical clotrimazole was applied to localized 
areas 2×/day, and strict hygiene measures were ad-
vised. We did not recheck itraconazole levels because 
further dose escalation was deemed unfeasible. After 
6 months, itraconazole was stopped because of lim-
ited response.

Voriconazole was started after shared decision-
making but discontinued after 3 days because of 
neuropsychiatric side effects. Combination therapy 
of intravenous anidulafungin (100 mg/d) and oral 
itraconazole (capsules 200 mg 2×/d) was selected 
empirically because of prolonged disease, partial  
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gapore with limited response despite prolonged azole 
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therapeutic challenges and need for improved diagnos-
tics in T. indotineae infections.
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response to azoles, and limited therapeutic options, 
not on the basis of in vitro synergy data. Off-label 
echinocandin use was undertaken after informed 
consent. This regimen finally resulted in marked 
flattening of plaques within 2 weeks. Treatment con-
tinued for 6 weeks through outpatient parenteral 
antimicrobial therapy; mild postinflammatory hyper-
pigmentation was noted at completion (Figure, panel 
B). The patient experienced no adverse effects, and 
liver function test results remained unremarkable. 
Follow-up fungal culture demonstrated no dermato-
phyte growth. The patient was in sustained remission 
at 6 months after therapy.

T. indotineae is an emerging cause of refractory 
dermatophytosis and causes considerable illness (1). 
The fungus is transmitted through direct contact 
or fomites, and manifests as pruritic, scaly, annular 
plaques. Terbinafine resistance is commonly linked 
to squalene epoxidase gene mutations (1,2), leading 
to elevated terbinafine MICs and clinical failure. Be-
cause clinical breakpoints are not established, MICs 
are often interpreted using European Committee on 
Antimicrobial Susceptibility Testing dermatophyte 
methodology and wild-type upper limits or epidemi-
ological cutoff value–based approaches (3). A study 
from France proposed terbinafine MIC >0.2 mg/L as 
a threshold associated with resistance (4). In a series 
from the United Kingdom, 75% of isolates exhibited 
elevated terbinafine MICs (>0.5 mg/L) (5). However, 
clinical failure has been reported even with low terbi-
nafine MICs (0.015 mg/L), indicating imperfect MIC-
outcome correlation (6).

Itraconazole remains a therapeutic mainstay but 
might require prolonged high-dose courses, which 
increases risk for side effects (7). Fluconazole and 
griseofulvin show poorer activity, having higher 
MICs against T. indotineae (8–10).

A study from Singapore (11), this patient’s coun-
try of residence, examined whole-genome sequenc-
ing of 33 isolates and found nearly 80% of T. indotineae 
isolates were terbinafine-resistant. Azole MICs were  

generally below European Committee on Antimicro-
bial Susceptibility Testing wild-type upper limits. No 
phenotypic azole resistance was observed, and no 
azole resistance–associated cyp51A/cyp51B alterations 
or gene amplification were detected. Well-known 
azole resistance mechanisms, including erg11 gene 
amplification, have been described elsewhere (12). 
This patient’s isolate had a MIC of 0.03 mg/L for itra-
conazole and 0.5 mg/L for voriconazole, determined 
later in a research setting using Sensititer YeastOne 
YO10 plates (Thermo Fisher Scientific, https://www.
thermofisher.com) and not available at the time of 
management. Despite low MICs, clinical failure oc-
curred. MIC for terbinafine was 8 mg/L and deter-
mined using Clinical Laboratory Standards Institute 
M38 methodology (13). Echinocandin susceptibility 
testing was not performed.

Comparable antifungal susceptibility data 
have been observed across Canada (14) and Asia 
(15); terbinafine resistance has been demonstrated 
to be widespread and MICs for azoles are elevat-
ed. The isolates in Canada retained low minimum 
effective concentrations (MEC) to anidulafun-
gin (MEC90 <0.015 mg/L) and micafungin (MEC90 
<0.015 mg/L) (10). In Asia, elevated MICs for 
azoles were again reported (itraconazole MIC​ 0.5 
mg/L, voriconazole MIC 1 mg/L) (14). Echinocan-
dins consistently demonstrated low MECs (MEC90 
<0.004 mg/L for caspofungin, micafungin, anidu-
lafungin). Although MICs and MECs are not direct-
ly comparable, those data suggest echinocandins 
consistently demonstrate strong in vitro activity 
against T. indotineae. However, clinical efficacy of 
echinocandins remains uncertain; data are limited 
to in vitro studies (9).

Beyond susceptibility data, the previous Sin-
gapore study (11) also provided epidemiologic in-
sights. Most affected patients were migrant work-
ers, and phylogenetic analysis suggested multiple 
independent introductions rather than clonal spread. 
Our patient reported no international travel, raising 

Figure. Skin lesions in case 
of Trichophyton indotineae 
dermatophytosis, Singapore, 
2025. A) Before treatment; B) 
after 6 weeks of anidulafungin 
and itraconazole.
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concern for local acquisition and possible reduced 
susceptibility that might be emerging beyond that 
shown in current laboratory data. Enhanced surveil-
lance and access to species-level diagnostics are need-
ed to define transmission patterns and guide public  
health measures.

In addition, recalcitrant cases should prompt con-
sideration of alternative systemic therapies. Echino-
candins have not been routinely used for superficial 
dermatophytosis and might have limited penetration 
into keratinized skin (15). Prolonged intravenous 
echinocandin therapy is costly and logistically chal-
lenging and carries risk for line-related complications 
and hepatic enzyme elevation. However, unlike ter-
binafine and azoles, which target ergosterol synthe-
sis, echinocandins inhibit 1,3-β-D-glucan synthesis, 
avoiding cross-resistance.

Conclusions
Given the strong rationale supported by those phar-
macological differences and in vitro data, as well as 
the limited alternative options, combination therapy 
including an echinocandin was attempted for this 
patient after multiple standard regimens had failed. 
Evidence supporting echinocandins for dermato-
phytosis remains sparse, and this approach should 
not be interpreted as a standard recommendation. 
Rather, clinicians should suspect T. indotineae when 
tinea infections fail to respond to first-line therapy 
and pursue culture with species-level identification 
where available. Still, this case highlights the poten-
tial role of echinocandins for recalcitrant tinea, given 
the global surge in terbinafine-resistant dermatophy-
tosis and the paucity of effective oral treatment op-
tions (1,2,7,15).

In summary, although itraconazole remains a 
first-line treatment for T. indotineae, prolonged cours-
es are typically required. Echinocandins might have 
a role in selected treatment-refractory cases. Further 
studies are needed to define dosing strategies, tissue 
penetration, and long-term outcomes to establish the 
role of echinocandins as antifungal resistance con-
tinues to rise. This case highlights therapeutic chal-
lenges in Singapore and underscores antifungal stew-
ardship: confirming species-level identification when 
available, optimizing adherence and conventional 
therapy, and reserving intravenous agents for truly 
refractory cases. 
Sequence read data for the isolate from this study are  
deposited in the National Center for Biotechnology  
Information Sequence Read Archive (https://www.ncbi.
nlm.nih.gov/sra) under BioProject PRJNA1028951 and 
BioSample SAMN46240067.
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Antimicrobial-resistant Neisseria gonorrhoeae is a 
major global public health concern and has been 

designated as an urgent threat by the US Centers for 
Disease Control and Prevention (1). Ceftriaxone is the 
only remaining option for effective therapy of gon-
orrhea in most countries (2,3). In 2018, a gonococcal 
strain with resistance to ceftriaxone and high-level 
resistance to azithromycin was reported in England, 
and this extensively drug-resistant strain infected a 
patient in Thailand (4). Occasional ceftriaxone-resis-
tant gonococcal strains with links to Thailand sub-
sequently have been detected in several countries 
in Europe (3,5). However, the National Gonococ-
cal Antimicrobial Resistance program in Thailand, 
implemented in 2003, did not identify any ceftriax-
one-resistant strains until 2023, when 2 ceftriaxone- 

resistant isolates caused by the mosaic penA-60 al-
lele were confirmed (6). In response, a previously 
described penA-60–specific PCR (7) was implemented 
for further investigation of ceftriaxone-resistant iso-
lates. No ceftriaxone-resistant gonococcal isolates 
were found in 2024 in Thailand; however, during 
January–April 2025, national surveillance identified 5 
ceftriaxone-resistant gonococcal isolates.

The National Gonococcal Antimicrobial Resis-
tance program has been included in Thailand’s nation-
al surveillance since 2003, whereas the World Health 
Organization Enhanced Gonococcal Antimicrobial 
Surveillance Program (EGASP) was established in 
sentinel clinics in 2015 (8,9). Gonococcal isolates and 
patient data from the national surveillance system are 
collected from the Bangrak Sexually Transmitted In-
fections (STIs) Center in Bangkok and from 6 regional 
Offices of Disease Prevention and Control that cover 
the main regions of Thailand (Figure 1). Gonococcal 
isolates are obtained from symptomatic and asymp-
tomatic male and female patients attending STI clinics 
across Thailand. The 5 EGASP sites (2 in Bangkok, 1 in 
Chiang Mai, and 2 in Pattaya) strengthen surveillance 
among men with urethritis and men who have sex 
with men (8,9). The local laboratories send all isolates 
with resistance to ceftriaxone, cefixime, or azithromy-
cin to the Bangrak STIs Center for further confirma-
tion of N. gonorrhoeae bacteria and antimicrobial MIC 
testing. We determined MICs of ceftriaxone, cefixime, 
azithromycin, gentamicin, and tetracycline by using 
Etest (bioMérieux, https://www.biomerieux.com) 
according to the manufacturer’s instructions. We fur-
ther examined ceftriaxone-resistant isolates through a 
penA-60–specific real-time reverse transcription PCR 
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We report 5 gonorrhea cases caused by ceftriaxone-re-
sistant penA–60-carrying Neisseria gonorrhoeae bacteria 
during January–April 2025 in Thailand, successfully cured 
by ceftriaxone therapy. Most patients had prior over-the-
counter antimicrobial drug exposure. Ceftriaxone-resis-
tant gonococcal strains are spreading in Thailand, and 
strengthened gonorrhea and resistance surveillance and 
effective antimicrobial stewardship programs are needed.
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(7) by using a CFX96 Real-Time PCR system (Bio-Rad 
Laboratories, https://www.bio-rad.com).

The Study
During January–April 2025, we identified 5 ceftri-
axone-resistant gonococcal isolates among 272 iso-
lates collected through the National Gonococcal 
Antimicrobial Resistance program in Thailand. The 
5 isolates had been obtained from 5 male patients, 
16–55 years of age, who sought care for dysuria at 

STI clinics in Thailand’s eastern region (4 patients 
in Pattaya, Chonburi Province) and southern region 
(1 patient in Phuket Province) of Thailand. Our case 
investigations were conducted by authorized public 
health officers according to the Communicable Dis-
ease Act in Thailand. Case identification information 
was confidential.

The patients were from Thailand (n = 3), Russia 
(n = 1), and China (n = 1) (Table 1). All 5 patients 
were men who have sex with women, and 4 of them 

Figure 1. Locations of Bangrak 
STIs Center (Bangkok) and 
6 regional Offices of Disease 
Prevention and Control that 
collect gonococcal isolates 
in national surveillance 
system (National Gonococcal 
Antimicrobial Resistance 
program and World Health 
Organization Enhanced 
Gonococcal Antimicrobial 
Surveillance Program), Thailand. 
STIs, sexually transmitted 
diseases.

 
Table 1. Characteristics of case-patients with gonorrhea caused by ceftriaxone-resistant Neisseria gonorrhoeae isolates, Thailand, 
January–April 2025* 

Case 
no.  Date 

Nationality/ 
notified 

province (city) 
Age, 

y Occupation 

Previous 
antimicrobial 

drug exposure Symptoms 

Travel 
history in 

past month 

Prior sexually 
transmitted 

infection 
No. partners in 
past 3 months 

1 2025 
Jan 

Thai/ 
Chonburi 
(Pattaya) 

35 Waiter Yes 
(azithromycin 1 g 

twice) 
 

Urethral 
discharge, 

dysuria 

No No 1 regular partner, 
2 casual partners 

(FSWs) 

2 2025 
Feb 

Thai/ 
Chonburi 
(Pattaya) 

16 Waiter Yes 
(azithromycin 1 g 

twice) 

Urethral 
discharge, 

dysuria 

No No 1 regular partner 
living in different 

location, 
1 one-night-stand 

partner 
3 2025 

Mar 
Russian/ 
Phuket 

55 – – Urethral 
discharge, 

dysuria 

– – – 

4 2025 
Mar 

Thai/ 
Chonburi 
(Pattaya) 

23 Government 
official 

Yes 
(quinolone 
and then 

azithromycin 1 g) 

Urethral 
discharge, 

dysuria 

No Gonorrhea 
10 y ago 

1 casual partner 
(FSW) 

5 2025 
Apr 

Chinese/ 
Chonburi 
(Pattaya) 

25 – Yes 
(unknown 
antibiotic) 

Urethral 
discharge, 

dysuria 

– – 1 casual partner 

*FSW, female sex worker; –, no data available. 
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reported recent sexual contact with a casual partner, 
including a 1-night-stand partner and a female sex 
worker. Four patients reported self-treatment with 
oral antimicrobial drugs (mostly azithromycin 1 g) 
obtained from pharmacies in Pattaya Province be-
fore any visit to an STI clinic; however, because of 
persisting symptoms, they all subsequently visited 
an STI clinic. Gram-stained microscopic examination 
of urethral discharge from all 5 patients revealed 
gram-negative intracellular diplococci, and culture 
on modified Thayer-Martin medium confirmed the 
presence of gonococci. On the basis of European 
Committee on Antimicrobial Susceptibility Testing 
resistance breakpoints (10), we determined that all 
5 gonococcal isolates were resistant to ceftriaxone 
(MIC >0.125 µg/mL) and cefixime (MIC >0.125 µg/
mL), and 3 isolates showed high-level resistance to 
azithromycin (Table 1). Three of the 5 isolates also 
were nonsusceptible to ceftriaxone based on the 
Clinical Laboratory and Standards Institute clinical 
breakpoint (MIC >0.5 µg/mL) (11) (Table 2; Figure 
2). All 5 isolates contained the penA-60 allele, which 
is associated with ceftriaxone resistance in N. gonor-
rhoeae bacteria (2–7,12,13). 

On the same day results of the gram-stained 
microscopic examination of urethral discharge 
were available, all 5 patients were treated with in-

tramuscular ceftriaxone (1 g) (n = 1) or intramus-
cular ceftriaxone (1 g) plus oral azithromycin (1 g) 
or a 7-day regimen of oral doxycycline (n = 4) in 
accordance with current gonorrhea management 
guidelines in Thailand (14). All 3 Thailand patients 
returned for test-of-cure 1–2 weeks after treatment; 
results of culture and the Xpert CT/NG assay (Ce-
pheid, https://www.cepheid.com) from urethral 
and oropharyngeal sites were negative, and all 
5 patients were asymptomatic. The 2 patients of 
foreign nationality did not return for test-of-cure. 
Only the first Thailand case-patient, who had a reg-
ular female partner, could bring his sexual partner 
to the STI clinic for examination and treatment. An 
Xpert CT/NG assay of pooled cervical and oropha-
ryngeal specimens detected N. gonorrhoeae bacte-
ria, whereas cervical and oropharyngeal cultures 
were negative. The woman was treated with intra-
muscular ceftriaxone (1 g) but did not return for  
test-of-cure.

Conclusions
Increasing clinicians’ awareness of ceftriaxone-re-
sistance is essential. Ceftriaxone is the last remain-
ing gonorrhea treatment option and has acquired 
high levels of resistance in several countries in 
Asia, especially Cambodia, China, and Vietnam 

 
Table 2. Diagnostic testing, treatment, and antimicrobial susceptibility of ceftriaxone-resistant Neisseria gonorrhoeae isolates, 
Thailand, January–April 2025* 
Case 
no. 

Syphilis 
rapid test HIV testing NAAT testing† Treatment 

MIC, µg/mL 
(R/S)‡ 

TOC, culture 
and NAAT† Sexual partner testing 

1 Negative Negative Pooled specimen 
from urine and 

OP site: positive 

IM ceftriaxone 1 
g + oral 

azithromycin 1 g 

CRO 0.25 (R); 
CFM 1 (R); 

AZM 256 (R) 

OP and urethral 
specimens: 

negative 

Regular female partner 
(NG detected in pooled 

cervical and 
oropharyngeal 

specimens by Xpert 
CT/NG assay, but 

cervical and 
oropharyngeal cultures 

negative) 
2 Negative Negative Not tested IM ceftriaxone 1 

g + oral 
doxycycline (200 
mg/day for 7 d) 

CRO 0.5 (R); 
CFM 2 (R); 

AZM 256 (R) 

OP and urethral 
specimens: 

negative 

One-night-stand partner 
(contact tracing not 

possible) 

3 Not tested Not tested Pooled specimen 
from urine and 

OP site: positive 

IM ceftriaxone 1 
g 

CRO 0.25 (R); 
CFM 2 (R); 

AZM 256 (R) 

Not conducted No partner reported 

4 Negative Negative Not tested IM ceftriaxone 1 
g + oral 

doxycycline (200 
mg/d for 7 d) 

CRO 0.5 (R); 
CFM 1 (R); 
AZM 1 (S) 

OP and urethral 
specimens: 

negative 

FSW (contact tracing 
not possible) 

5 Not tested Not tested Not tested IM ceftriaxone 1 
g + oral 

doxycycline (200 
mg/d for 7 d) 

CRO 0.5 (R); 
CFM 2 (R); 

AZM 0.125 (S) 

Not conducted Casual female partner 
(contact tracing not 

possible) 

*AZM, azithromycin; CFM, cefixime; CRO, ceftriaxone; IM, intramuscular; NAAT, nucleic acid amplification test; NG, Neisseria gonorrhoeae; OP, 
oropharyngeal; R, resistant; S, susceptible; TOC, test-of-cure. 
†NAAT testing using Xpert CT/NG assay (Cepheid, https://www.cepheid.com). 
‡Based on European Committee on Antimicrobial Susceptibility testing breakpoints (10). 
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(2,3,9,12,13). Data from the National Gonococcal 
Antimicrobial Resistance program and EGASP in 
Thailand for 2015–2023 have shown that antimi-
crobial-resistant N. gonorrhoeae also is an emerging 
major concern in Thailand, particularly resistance 
to oral antimicrobial drugs such as ciprofloxacin 
(which exhibits >90% resistance), azithromycin, 
and (since 2020) cefixime, all of which are common-
ly available without a prescription at pharmacies in 
Thailand. However, before 2025, only 2 ceftriaxone-
resistant gonococcal isolates had been confirmed in 
national surveillance of gonococcal antimicrobial 
resistance (6,8,9). 

We report 5 ceftriaxone-resistant isolates de-
tected during January–April 2025 in Thailand. Most 
of the patients with ceftriaxone-resistant gonorrhea 
were initially self-treating with antimicrobial drugs 
instead of seeking care at STI clinics, and their sexual 
encounters involved 1-night stand partners and fe-
male sex workers, behaviors that are associated with 
further rapid transmission of the ceftriaxone-resistant 
gonococcal strains and substantial health risks and 
can complicate sexual contact tracing efforts. In Thai-
land, STIs have also become 1 of the top 5 conditions 
for which persons seek treatment at pharmacies (15), 
and the resulting widespread use of oral antimicro-
bial drugs probably has contributed to the increase in 
gonococcal antimicrobial resistance. Of note, we de-
tected 3 additional ceftriaxone-resistant isolates dur-
ing October–December 2025, which are undergoing 
further investigation. 

One limitation of our study is the lack of whole-
genome sequencing of all the ceftriaxone-resistant 
isolates. However, we plan to conduct whole-genome 
sequencing in 2026.

The emergence of ceftriaxone-resistant gonor-
rhea cases in Thailand poses a serious public health 
challenge, and treatment of all gonorrhea cases with 
ceftriaxone, consistent with the updated gonorrhea 
management guidelines in Thailand, is critical (14). 
The increasing practice of self-treatment by purchase 
of antimicrobial drugs without a prescription at phar-
macies (15), often resulting in inappropriate and fail-
ing treatment and further driving antimicrobial resis-
tance, is a major concern. 

The spread of ceftriaxone-resistant gonococ-
cal strains in Thailand and other countries in Asia 
(2,3,9,12,13) underscores the urgent need to promote 
safer sex practices and ensure access to professional 
medical care (diagnostics, treatment, and follow-up of 
patients and sexual contacts). In a promising develop-
ment, novel drugs such as zoliflodacin and gepotid-
acin have been approved by the US Food and Drug 
Administration (2,3). However, encouraging respon-
sible antimicrobial use and stewardship remains criti-
cal to protect health. Among the cases we describe, 
the 2 foreign male patients with ceftriaxone-resistant 
gonorrhea, who were subsequently lost to follow-up, 
underscore major gaps in continuity of care and high-
light the urgent need to strengthen global gonococcal 
antimicrobial resistance surveillance and enhance co-
ordinated international efforts to address gonococcal 
antimicrobial resistance. 
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by using Etest (bioMérieux, 
https://www.biomerieux.com).
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A bacterium is a unicellular prokaryotic 
microorganism, and bacteria is the plural 

form that refers to these organisms as a group, 
historically classified within the former Mo-
nera kingdom. The term bacteria derives from 
Greek baktērion (βακτήριον), meaning small 
staff or cane, describing rod-like forms ob-
served in early microscopic studies. Christian  
Gottfried Ehrenberg introduced the term bac-
terium in 1838, before modern bacteriology, 
and bacteria later became the plural form. 
Once viewed as microscopic plants, bacteria 
were later recognized as a distinct group of 
prokaryotic life and are now essential in eco-
logic processes, biotechnology, and public 
health, as beneficial or pathogenic agents.
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Cholera, caused by Vibrio cholerae O1, is a potential-
ly life-threatening diarrheal disease and remains 

a major global public health threat (1). In recent years, 
large-scale outbreaks have occurred in several coun-
tries in Africa and the Middle East, including Sudan 
and Yemen, where conflict, population displacement, 
and limited access to clean water have contributed to 
increased transmission (2,3). South Asia, particularly 
the Bengal Delta, serves as a hub for genetically di-
verse pandemic strains and contributes to their global 
dissemination (4,5). Outbreak occurrence and severity 
are influenced by environmental and socio-economic 
factors, and V. cholerae can persist in aquatic environ-
ments, although long-term local persistence varies by 
region (6–9).

Cholera has resurged periodically in Thailand, 
notably from 2007, when a large-scale outbreak af-
fected 50 provinces, peaking in northeastern regions 
between September and November. Analyses during 
2007–2010 using pulsed field gel electrophoresis and 
multilocus variable-number tandem repeat analysis 
indicated that those outbreaks were driven by re-

peated introductions of V. cholerae O1, particularly 
in border areas (10). Independent evidence further 
suggested regional transmission or shared infection 
sources among Thailand, Laos, and Vietnam. Pre-
vious studies have revealed high clonal diversity 
among Thailand isolates collected during 1999–2002 
(11), whereas isolates of the El Tor serotype Ogawa 
strain from 2007 displayed a distinct ribotype, consis-
tent with the introduction of a new clone in northeast-
ern Thailand. Despite those insights, understanding 
of the genomic relationships between historical and 
more recent Thailand isolates and global pandemic 
strains remains incomplete.

The Study
We analyzed 498 Vibrio cholerae O1 isolates from Thai-
land collected from 2007 through April 2025 and se-
lected 157 representative isolates for whole-genome 
sequencing: 85 from 2007–2012, 52 from 2015–2016, 
and 20 from 2023–2025 (including 72 newly sequenced 
in this study). We chose our isolate pool to reflect the 
genetic diversity observed in the multilocus vari-
able-number tandem-repeat analysis and to ensure 
variation in the collection site and isolation period 
(Appendix 1 Tables 1, 2, https://wwwnc.cdc.gov/
EID/article/32/6/25-1747-App1.xlsx). Cholera case 
numbers and their geographic distribution in Thai-
land, obtained from reports by the Division of Epide-
miology (Appendix 2 Figure 1, https://wwwnc.cdc.
gov/EID/article/32/6/25-1747-App2.pdf), showed 
a marked nationwide decline in outbreak size and 
frequency. From 2017 to early 2025, the annual num-
ber of cases in Thailand remained <20 (mean 7.2), and 
no large-scale, nationwide outbreaks occurred dur-
ing that period. We included in our analyses isolates 
from smaller clusters near the northwestern border 
and sporadic cases from samples collected in late 2024 
and early 2025.

We conducted a series of analyses to investigate 
the evolutionary dynamics of V. cholerae O1 isolates 
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Genomic analyses identified 4 seventh pandemic Vibrio 
cholerae El Tor clades in Thailand (2007–2025). Closely 
related to other South Asian strains, the clades reveal 
that repeated cross-border introductions, rather than lo-
cal persistence, drive outbreaks. Our findings highlight 
the importance of genomic surveillance for monitoring 
transmission and informing regional control strategies.
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in Thailand during 2007–2025, clarifying their ori-
gins, transmission patterns, and the relationships be-
tween isolates from Thailand and those from outside 
the country. We sequenced genomic DNA from the 
isolates using an Illumina MiSeq platform (https://
www.illumina.com) and mapped to the V. cholerae 
N16961 reference genome. For global comparison, 
we curated V. cholerae O1 genomes from the Nation-
al Center for Biotechnology Information Sequence 
Read Archive (https://www.ncbi.nlm.nih.gov/sra) 
and GenBank on the basis of published studies (Ap-
pendix 1 Table 3), ensuring balanced geographic 
and temporal representation. We quality-filtered 
data from the Sequence Read Archive using fastp 
software (https://github.com/opengene/fastp; -q 
parameter), retaining only high-quality sequences. 
We then identified core genome single-nucleotide 
polymorphisms (SNPs) using Snippy (https://
github.com/tseemann/snippy), excluding regions 
associated with prophages (identified using PHAST 
[https://github.com/CshlSiepelLab/phast]), re-
peats (identified using NUCmer [https://github.
com/nf-core/modules/tree/master/modules/
nf-core/nucmer]), and recombination (identified  

using Gubbins [https://github.com/nickjcroucher/
gubbins]). We masked these regions using VCFtools 
(https://github.com/vcftools/vcftools) before phy-
logenetic analysis. We reconstructed maximum-like-
lihood phylogenetic trees using RAxML software 
(https://cme.h-its.org/exelixis/web/software/
raxml) and analyzed temporal signals using root-to-
tip regression. We estimated divergence times using 
Bayesian molecular clock analysis. Pairwise SNP 
comparisons identified the 5 closest non-Thailand 
isolates for each outbreak cluster (Table). We used 
CholeraeFinder (Center for Genomic Epidemiology, 
https://www.genomicepidemiology.org) to detect 
virulence genes and mobile genetic elements. We 
also used Mantel tests as a complementary metric to 
assess broad congruence but drew the primary con-
clusions from the phylogenetic topologies to account 
for evolutionary structure.

Comparative genomic analysis of 157 Thailand 
isolates and global genomes identified 2 lineages: 
the seventh pandemic El Tor (7PET; 150 isolates) and 
the El Tor sister group (ST75; 7 isolates) (Figure 1). 
The 7PET clade comprised 4 distinct groups (TH1–
TH4), corresponding to 3 outbreak periods (Figure 
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Table. Single-nucleotide polymorphism differences between Thailand outbreak clusters and the most closely related non-Thailand 
strains from study of repeated extraneous introductions of cholera, Thailand, 2007–2025* 

Lineage (cluster) 
SNP range 

within cluster Closest non-Thailand strains Origin, country/year 
SNPs from 

Thailand isolate 
TH1 (a) 0–7 MAB004 Bangladesh/2005 7   

MAB006 Bangladesh/2005 8   
4488 India/2006 13   

THSTI_J4770 India/2004 13   
BGD005 Bangladesh/2007 13 

TH1 (b) 0–7 MAB004 Bangladesh/2005 9   
MAB006 Bangladesh/2005 12   

4488 India/2006 17   
THSTI_J4770 India/2004 17   

BGD005 Bangladesh/2007 17 
TH2 (c) 0–21 THSTI_K9398 India/2005 12   

MAB001 Bangladesh/2004 13   
CNRVC060089 India/2006 13   
CNRVC060333 India/Nepal/2006 13   

MBN17 India/2004 14 
TH3 (d) 0–14 PCS-0023 Bangladesh/2010 6   

IDH-07956 India/2015 7   
BGD133 Bangladesh/2015 8   

HCIS-055B Bangladesh/2013 10   
BGD128 Bangladesh/2015 10 

TH4 (e) 0–5 DMAVC-8 Bangladesh/2022 5   
DMAVC-18 Bangladesh/2022 5   
DMAVC-17 Bangladesh/2022 7   
DMAVC-19 Bangladesh/2022 7   
DMAVC-4 Bangladesh/2022 8 

*To identify the closest non-Thailand relatives, we calculated pairwise SNP distances for all 150 Thailand seventh pandemic isolates against the global 
dataset using snp-dists (https://github.com/tseemann/snp-dists). To capture the full genetic diversity, we compared each Thailand genome independently 
rather than using a single representative per cluster. For each cluster, we selected the 5 non-Thailand strains with the smallest SNP distances. SNP 
ranges within clusters reflect internal diversity, whereas differences from non-Thailand strains indicate potential geographic origins. SNP, single-
nucleotide polymorphism. 
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2). Period I (2007–2012) included TH1 (clusters a 
and b, Ogawa, CTX-3) and TH2 (cluster c, Inaba, 
CTX-3), with characteristic deletions in Vibrio sev-
enth pandemic island [VSP] II. Period II (2015–2016) 
included TH3 (cluster d, Ogawa), characterized by 
CTX-3, VPI-1ΔVC0819, ΔhlyA, and variable presence 
of PLE1, which varied by the geographic region of 
cholera cases. Period III (2024–2025) was dominated 
by TH4 (cluster e, Ogawa), carrying CTX-3b (ctxB7), 
OmpU G325D, and deletions in VSP-II. Although 
deletions in canonical pathogenicity islands (e.g., 
VSP-II, VPI) could theoretically influence fitness, we 
observed no obvious association with clinical sever-
ity in the study dataset.

We conducted temporal analysis (Appendix 2 
Figure 2) and Bayesian molecular clock modeling 
(8,137 recombination-filtered SNPs) to estimate the 
temporal dynamics and evolutionary divergence of 
V. cholerae clades circulating in Thailand and world-
wide (Figure 3). The clades exhibited clear evolution-
ary patterns over time, and the statistical analysis was 
well supported (effective sample size >200), indicat-
ing that the estimated divergence times were reliable. 
Thailand clades were closely related to other South 
Asia clades: TH1 corresponded to BD-2 (MAB004 
and MAB006), TH2 to BD-1 (MAB001), TH3 to BD-2 
(HCIS-055B, BGD133, and IDH-7956), and TH4 to 
BD-1.2 (DMAVC-4, -8, -17, -18, and -19). In Bangla-
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Figure 1. Maximum-likelihood phylogenetic trees of Vibrio cholerae O1 isolates reconstructed for study of repeated extraneous 
introductions of cholera, Thailand, 2007–2025. A) Phylogenetic relationships of 157 Thailand isolates and 11 representative O1 
reference strains. Seven Thailand isolates (orange) belong to the El Tor Sister group lineage. The 7th pandemic El Tor lineage is divided 
into 5 distinct clusters (a–e), color-coded by isolation period: red-purple (cluster a, 2007–2008), blue-purple (cluster b, 2009–2010), blue 
(cluster c, 2011–2012), green (cluster d, 2015–2016), and red (cluster e, 2024–2025). B) Detailed phylogeny of the 7th pandemic El Tor 
lineage incorporating 150 Thailand isolates and 1,425 global genomes. Yellow labels explicitly identify the global reference strains (e.g., 
N16961, CIRS101) used in the analysis to provide genomic context for the Thailand clades. Light blue shaded region highlights clade 
A; light pink shaded region highlights clade B. Both were selected for molecular clock analysis. Outbreak-associated Thailand clades 
(TH1–TH4) are nested within these broader genomic groups. Both trees were reconstructed using maximum-likelihood estimation based 
on high-quality core genome single-nucleotide polymorphisms and visualized using Interactive Tree of Life (https://itol.embl.de). Dots on 
the branches indicate bootstrap values >80%.
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desh, BD-1 and BD-2 have been the 2 most prominent 
clades during the past 2 decades, with BD-1.2 emerg-
ing more recently and responsible for a massive 2022 
cholera outbreak (12).

Conclusions
This study confirmed that Thailand experienced 
multiple independent waves of cholera during 
2007–2025, primarily associated with repeated intro-
ductions of V. cholerae O1 strains from South Asia. 
Outbreak clades in Thailand during period I (2007–
2012) were most closely related to the prominent 
BD-1 and BD-2 clades in Bangladesh. During period 
II (2015–2016), 3 distinct waves emerged in both the 
northwestern and southern regions of Thailand, and 
the southern isolates exhibited multilocus variable-
number tandem-repeat analysis profiles identical 
to strains predominant in Mandalay, Myanmar, 6 
months earlier (13), suggesting direct cross-border 
introductions. By period III (2024–2025), most chol-
era cases in Thailand were imported, primarily from 
Myanmar, which reported >2,000 cases in 2024 (1). 
Of note, CTX-3b isolates in Thailand were first de-

tected in period III and belonged to the recently 
emerged BD-1.2 clade, responsible for a massive 
2022 cholera outbreak in Bangladesh. Although our 
phylogenetic data highlight repeated introductions 
as the primary driver of outbreaks, the potential role 
of long-term environmental persistence cannot be 
ruled out owing to a lack of systematic environmen-
tal genomic data.

Our analysis also revealed non-7PET (El Tor sister, 
sequence type [ST] 75) isolates: 6 of the 7 we detected 
lacked cholera toxin genes and 1 was the toxigenic 
strain MS6 previously described in a border area in 
2008 (14). During 2010–2020, ST75, rather than ST69, 
the major seventh pandemic lineage, emerged as the 
dominant clonal group in China and South Africa (15).

Although the geographic spread and origins of 
ST75 in Thailand remain unclear, our findings demon-
strate the importance of continuous genomic surveil-
lance for elucidating cholera transmission dynamics 
and informing outbreak response strategies. To trans-
late our data into public health action, implementing 
routine genomic sequencing at border checkpoints 
and establishing a real-time data sharing framework 
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Figure 2. Phylogenetic relationships, genomic features, and outbreak cluster associations of Vibrio cholerae isolates from study of 
repeated extraneous introductions of cholera, Thailand, 2007–2025. Black dots indicate newly sequenced Thailand isolates in this 
study (n = 72) to distinguish them from reference strains. Virulence genes, integrative conjugative elements, and mobile genetic 
elements identified using CholeraeFinder (Center for Genomic Epidemiology, https://www.genomicepidemiology.org) in BLASTN 
mode (minimum coverage and identity 90%) (Appendix 2, Table 1). The blue cells in the heatmap represent the presence of genes, 
light blue cells indicate mutated genes, and blank cells signify the absence of genes. Phylogenetic relationships analyzed using 
a RAxML tree (https://cme.h-its.org/exelixis/web/software/raxml); genomic features are numerically coded (gene present = 1, 
gene absent = 0, mutated gene = 0.5). Thailand clades (TH1, TH2, TH3, and TH4) defined based on phylogenetic clustering and 
characteristic genomic features: TH1 (clusters a and b), TH2 (cluster c), TH3 (cluster d), and TH4 (cluster e). Arrowheads highlight 
the 5 closest non-Thailand isolates associated with each outbreak cluster, identified by pairwise single-nucleotide polymorphism 
comparisons. ETS, El Tor sister V. cholerae isolates.
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with regional partners, particularly with Myanmar, 
Bangladesh, and India, is essential for the early de-
tection and mitigation of future cholera waves in the 
South Asia region.
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Figure 3. Temporal signal and divergence dating of Thailand Vibrio cholerae O1 isolates during the seventh pandemic from study of 
repeated extraneous introductions of cholera, Thailand, 2007–2025. Maximum clade credibility trees for clade A (panel A) and clade B 
(panel B) were reconstructed using a relaxed molecular clock (log-normal distribution) and a coalescent exponential population model. 
For clade A (n = 254; DRR189295 excluded), sampling years covered 1992–2019; for clade B (n = 417; ERR2265665 and DRR189283 
excluded), sampling years covered 1992–2025. Both clades demonstrated strong temporal signals, confirmed by root-to-tip regression 
analysis (R2 > 0.91) (Appendix 2, Figure 2). and showed strong statistical support with effective sample size values >200. Temporal 
estimates suggest interregional transmission during the pandemic and highlight the preservation of specific genetic traits within Thailand 
populations, supporting the inferred lineage connections. Different colors indicate distinct clades, and stars indicate strains with 
characteristic genomic features.
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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 eyeworm, 
a parasitic nematode that migrates throughout the subcutane-
ous 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 Emerging 
Infectious Diseses, discusses how his personal experience with 
the Loa loa parasite influenced this painting.



Yellow fever virus (YFV; Orthoflavivirus flavi), is 
an arbovirus of the Flaviviridae family transmit-

ted by Aedes spp. mosquitoes in the urban cycle and 
Haemagogus/Sabethes spp. mosquitoes in the sylvatic 
cycle (1,2). Nonhuman primates (NHPs) are key sen-
tinel animals for early YFV detection and a core com-
ponent of the Brazilian Yellow Fever Surveillance Pro-
gram (3). However, YFV pathogenicity varies among 
species, and the role of Brazil’s diverse NHP popu-
lations in continued YFV circulation remains poorly 
understood (4). Alouatta spp. howler monkeys are 
the most susceptible to YFV infection (5–7). Infected 
NHPs develop clinical and pathologic manifestations 
similar to those in humans (4,8,9), who exhibit high 
viral loads and pronounced liver damage, including 

areas of necrosis and apoptosis, Councilman–Ro-
cha Lima (CRL) bodies, steatosis, and inflammatory  
infiltrates (10,11).

During 2016–2018, Brazil experienced its worst 
wild yellow fever outbreak in 70 years, in which most 
human and NHP cases occurred in the southeastern 
region (1,2). In that outbreak, most infected NHPs 
were Callithrix spp. marmosets, revealing 2 infection 
patterns: one with a high viral load and characteristic 
histopathologic hepatic lesions and another with low 
viral loads, absence of clinical disease, and minimal 
or absent hepatic lesions (4,12).

In 2023, a new YFV lineage emerged in east-
ern São Paulo state (13), then spread throughout 
most of the state. The first confirmed NHP deaths 
attributed to YFV in the region of Ribeirão Preto 
city occurred in late December 2024. During the 
following months, the outbreak intensified, and 
more confirmed NHP infections and 1 human case 
occurred in the surrounding municipalities (Figure 
1). We investigated clinical and laboratory findings 
of YFV infection among NHPs during that epizo-
otic outbreak.
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In 2023, a new yellow fever virus (YFV) lineage was in-
troduced in São Paulo state, Brazil. During July 2024–
June 2025, nine Callithrix penicillata marmosets tested 
YFV–positive, showing high viral loads and characteristic 
organ lesions. Those results highlight the need to include  
these animals in multispecies surveillance strategies for 
early YFV detection.
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The Study
During July 2024–June 2025, the regional Epidemio-
logic Surveillance Group reported 233 NHP deaths, 
of which 79% (184/233) were Callithrix penicillata 
black-tufted marmosets, 18% (42/233) Alouatta caraya 
black howler monkeys, 2.15% (5/233) Sapajus nigri-
tus black capuchin monkeys, and 0.85% (2/233) Cal-
licebus nigrifrons black fronted titi monkeys. Among 
the 233 NHPs, we necropsied and collected biologic 
samples from 154 (66.1%), 88.9% (n = 137) of which 
were Callitrichid marmosets.

We confirmed YFV infection in a total of 54 NHPs: 
22 by laboratory testing on organ samples collected 
during necropsy and 32 by epidemiologic criteria. We 
could not obtain samples from the 32 NHPs identified 
by epidemiologic criteria because the carcasses were 
in an advanced state of decomposition. However, we 
included those animals because they were found in 
the same epidemiologic context and area in which 
YFV was detected in other animals.

Among 22 NHPs with laboratory-confirmed YFV 
infection, most were A. caraya monkeys (50%; 11/22), 
followed by C. penicillata (40.9%; 9/22) marmosets 
and C. nigrifrons (9.1%; 2/22) monkeys. As expected, 
samples from Alouatta and Callicebus spp. NHPs had 
low cycle threshold (Ct) values and typical organ le-
sions, including extensive hepatocellular necrosis, 
CRL bodies, hepatic steatosis, varying degrees of in-
flammatory infiltrates, and YFV antigens detectable 
by immunohistochemistry (IHC) (Figure 2). The YFV-
positive marmosets exhibited a consistent pattern: 
low Ct values (Ct 11.14–20.08), typical histopathologic 
lesions, and detectable YFV antigens. One marmoset, 
stored frozen for a month before necropsy, showed a 
higher Ct value of 28.9. 

All 9 C. penicillata marmosets were YFV-positive 
by IHC (Figure 3); 2 (22%) showed advanced autoly-
sis, which precluded evaluation of histopathologic 
features, but we did detect CRL bodies in 1 of those 
2 marmosets. Histopathologic findings in the other 7 
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Figure 1. Location and example species for yellow fever virus (YFV) surveillance in Callithrix spp. marmosets during epizootic outbreak, 
Brazil, 2024–2025. A) C. penicillata marmoset. Source: Miguelrangeljr, CC BY-SA 3.0, via Wikimedia Commons, https://creativecommons.
org/licenses/by-sa/3.0. B) São Paulo state map with dark lines highlighting the municipalities of the regional Epidemiologic Surveillance 
Group; red indicates areas affected by yellow fever. Map created by Raphael Lorenzeto de Abreu on WikiMedia (https://commons.
wikimedia.org/w/index.php), modified by the authors and used according to permissions. C) Partial aerial view of the Ribeirão Preto region. 
White outlines represent borders of municipalities where YFV was detected during July 2024–June 2025. Orange dots indicate locations 
where YFV-positive C. penicillata marmosets were found; yellow dot indicates confirmed human yellow fever case; white arrowheads 
indicate areas without Alouatta spp. howler monkeys. Map from Google Earth, 2025 (https://earth.google.com).
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animals showed all had hepatic necrosis, 3 (42%) with 
multifocal panlobular distribution and 4 (57%) with 
widespread panlobular involvement. Necrosis sever-
ity ranged from moderate in 2 (29%) to marked in the 
other 5 (71%) animals. All 7 animals had CRL bodies, 
and 3 (43%) had inflammatory infiltrates, consisting of 
mixed cellular contents in 1 (33.3%) and mononuclear 
cells in the other 2 (66.7%); we observed multifocal dis-
tribution and moderate severity in 2 (66.7%) cases and 
discrete distribution in 1 (33.3%). We identified hemor-
rhage in 4 (57%) of those animals, characterized by dif-
fuse distribution in most (75%; 3/4); 3 (75%) exhibited 
moderate severity and 1 (25%) marked severity. We 

observed steatosis in 6 (86%) animals and panlobular 
macrovesicular and microvesicular patterns of moder-
ate severity in 2 (34%) and marked severity in 4 (66%).

During the 2016–2018 outbreak, 7 Callithrix spp. 
marmosets were YFV-positive, 5 of which were from 
Ribeirão Preto and neighboring cities, but none had 
hepatic lesions or YFV antigens detected (14). In 2020, 
an urban C. penicillata marmoset from midwestern 
Brazil showed the same pattern, YFV-positive by 
quantitative reverse transcription PCR but no liver le-
sions nor YFV antigen detection (15).

The IHC and molecular findings of this study, 
representing the data from the 2024–2025 epizootic 
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Figure 2. Laboratory analysis of liver samples from nonhuman primates collected for yellow fever virus (YFV) surveillance in Callithrix 
spp. marmosets during epizootic outbreak, Brazil, 2024–2025. A, B) Samples from Callicebus nigrifrons black fronted titi monkeys; 
C, D) samples from Alouatta caraya black howler monkeys. A) Hematoxylin and eosin stain of liver showing acute and severe 
hepatic damage characterized by diffusely individual cellular apoptosis and necrosis with Councilman–Rocha Lima bodies (arrow). 
B) Immunohistochemistry stain of hepatocytes; brown stain indicates cells positive for YFV antigen. C)  Immunohistochemistry stain 
showing acute and severe hepatic damage characterized by individual cellular apoptosis and necrosis with Councilman–Rocha Lima 
bodies (arrow); brown indicates hepatocytes positive by YFV antigen. D) Immunohistochemistry stain of hepatocytes positive for YFV 
antigen (red). Scale bars indicate 20 µm.
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outbreak in São Paulo state demonstrate a consistent 
pattern of severe acute hepatitis in neotropical pri-
mates infected with YFV. All 22 confirmed NHP cases 
revealed characteristic hepatic lesions, with hepato-
cellular necrosis in all evaluated specimens, predomi-
nantly showing diffuse and multifocal to coalescing 
patterns. Those findings corroborate previous reports 
describing panlobular necrosis as a hallmark of fatal 
YFV infection in primates (4). 

We identified CRL bodies, characteristic of YFV 
lesions, in 80% (18/22) of cases, and noted a much 
higher frequency in A. caraya and C. nigrifrons mon-
keys and C. penicillata marmosets. Even in specimens 
with marked autolysis (typically observed 1–3 days 
after death) CRL bodies remained detectable in 3 
NHPs, reinforcing the strong association of CRL bod-
ies with YFV infections, even under suboptimal tis-
sue preservation conditions. Inflammatory infiltrates 
were predominantly mixed (polymorphonuclear and 

mononuclear) or mononuclear, with panlobular or 
periportal and portal distribution. We observed mac-
rovesicular, microvesicular, or mixed steatosis with 
diffuse or multifocal distribution and consistent pan-
lobular zonation. Severity was marked to moderate in 
72.2% (13/18) of affected animals.

The high prevalence and severity of lesions com-
bined with limited inflammatory response, despite 
extensive necrosis and steatosis, might indicate a 
YFV-induced metabolic dysfunction and support 
YFV as the main mechanism of liver injury. The his-
topathologic data we present need further investiga-
tion because they point to a possible association with 
the new YFV lineage circulating in southern Brazil. A 
relevant finding that supports that hypothesis is IHC 
confirmation of active YFV infection in 100% of cases, 
including all analyzed C. penicillata marmoset speci-
mens. That contrasts with prior observations dur-
ing 2017–2018, when Callithrix spp. marmosets often  
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Figure 3. Laboratory analysis of organ samples collected from Callithrix penicillata marmosets with severe hepatic lesions due to 
yellow fever during epizootic yellow fever outbreak, Brazil, 2024–2025. A) Hematoxylin and eosin stain of liver showing acute and 
severe hepatic damage characterized by diffuse macrovesicular steatosis and focal hemorrhage (star). Original magnification ×10. B) 
Hematoxylin and eosin stain of liver showing acute and severe hepatic damage with macrovesicular steatosis (black arrowhead), focal 
hemorrhage (star), and a Councilman–Rocha Lima body (elongated arrow). Original magnification ×20. C) Immunohistochemisty stain 
showing hepatocytes positive for yellow fever virus antigen (brown staining). Original magnification ×20. D) Immunohistochemistry stain 
of renal tubular epithelial cells; brown stained cells are positive for yellow fever virus antigen. Original magnification ×10.
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exhibited lower viral loads and milder hepatic lesions 
(4,14,15). In the NHPs evaluated here, marmosets had 
severe liver damage comparable to that seen in howl-
er monkeys, with extensive necrosis and unequivocal 
IHC positivity. The severe lesions observed in Calli-
thrix spp. marmosets underscore this primate’s rele-
vance in NHP-based YFV surveillance, particularly in 
areas where Alouatta spp. monkey populations have 
been greatly reduced.

Conclusions
Our results confirm the classic histopathologic pro-
file of YFV infection in neotropical primates, with 
striking severity in C. penicillata marmosets during 
an outbreak in an area with reduced Alouatta spp. 
monkey populations. The combination of hepato-
cellular necrosis, CRL bodies, steatosis, and 100% 
IHC positivity provides robust evidence for YFV 
pathogenicity across multiple primate species and 
reinforces the need for continuous surveillance in 
NHPs, placing Callithrix genus NHPs under the 
public health spotlight in this and in future epi-
demics. Its ability to adapt to urbanized environ-
ments, its proximity to humans, and the high Ae. 
aegypti mosquito population raise concerns for yel-
low fever reurbanization. 

Our findings underscore the need for establishing 
a new NHP surveillance system based on Callithrix 
spp. marmosets in areas where Alouatta spp. mon-
key populations have been reduced or extinguished. 
Therefore, local zoonotic surveillance services in 
high-risk areas must be strengthened to detect early 
YFV circulation in the face of current NHP deaths, 
especially in view of a possible change in the yellow 
fever epidemiologic pattern.

This article was preprinted at https://www.medrxiv.org/
content/10.1101/2025.09.07.25335112v2.
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Reports of adverse outcomes among persons who 
travel across domestic and international borders 

for planned medical care are reported globally (1–4). 
Cosmetic procedures remain a prominent category 
of planned medical care for which patients travel 
(1,3,5). The number of persons who travel for cos-
metic procedures is unknown but is predicted to 
increase as demand for low-cost procedures rises 
and services that enable destination-based medical 
care expand (3,6). Additional motivators to travel 
for cosmetic procedures might include shorter wait 
times, preference for culturally similar providers, 
perceived quality of care, desired cultural appear-
ances, and convenience of combining procedures 
with leisure travel. We reviewed Centers for Disease 
Control and Prevention (CDC) consultations with 
local and state jurisdictions to describe risks associ-
ated with traveling for cosmetic procedures among 
US residents.

The Study
CDC’s Division of Healthcare Quality Promotion 
(DHQP) (National Center for Emerging and Zoo-
notic Infectious Diseases) supports health depart-
ments investigating reports of patient harm result-
ing from breaches in healthcare infection prevention 
and control (IPC) through consultation. We defined  

consultation as a verbal or written request to CDC 
from health departments for investigation and tech-
nical assistance. We reviewed DHQP consultation re-
cords for the period of January 1, 2014–December 31, 
2024, using specific search terms (Appendix, https://
wwwnc.cdc.gov/EID/article/32/6/25-1883-App1.
pdf) to identify investigations in which US residents 
traveled for cosmetic procedures. We included con-
sultations in which US residents traveled (i.e., within 
or outside the United States) for cosmetic procedures 
that involved an adverse outcome. We excluded con-
sultations involving US residents who traveled for 
nonmedical purposes; received incidental, noncos-
metic medical care; or underwent reconstructive or 
bariatric surgery.

We abstracted information regarding the num-
ber of patients, country or state where the procedure 
occurred, type of procedure performed, reporting 
jurisdiction(s), infection type, pathogen(s), health-
care setting, postsurgical interventions, treatment 
of complications, clinical outcomes, and findings 
from IPC assessments where available. Two au-
thors (K.M. and A.R.) reviewed included consulta-
tions and 10% of excluded consultations for agree-
ment and jointly abstracted the above variables to 
ensure consistency.

Of 2,162 total consultations, 34 consultations in-
volved patients who traveled for medical care. Of 
those, 21 consultations involved ≈145 patients who 
traveled for cosmetic procedures and were included. 
US residents traveled to international (n = 17) and do-
mestic destinations (n = 4) and underwent liposuction 
(n = 12), abdominoplasty (n = 9), and other cosmetic 
procedures (Table 1). Sixteen consultations included 
>1 cosmetic procedure. The number of patients per 
consultation ranged from 1 to 38 patients, although 12 
consultations involved only 1 patient. Seven (range 
2–20) consultations involved patients from mul-
tiple states who underwent cosmetic procedures in  
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international (n = 5) and domestic locations (n = 2) 
and were associated with the same provider, proce-
dure location, or type of procedure during a specific 
time (Table 2).

Postsurgical infections were described in 20 con-
sultations, of which 12 identified suspected or con-
firmed nontuberculous mycobacteria (NTM). Suspect-
ed NTMs were defined as growth on acid-fast bacillus 
culture without mycobacterial species identification. 
Surgery centers or surgery clinics (n = 14) were the 
most frequently reported healthcare setting. Four con-
sultations reported patient deaths (7). IPC findings 
available from 1 domestic and 1 international con-
sultation highlighted gaps in environmental cleaning 
practices, use of personal protective equipment, hand 
hygiene, and reprocessing of surgical equipment.

Conclusions
We identified adverse outcomes among US resi-
dents who traveled outside their state of residence 
for cosmetic procedures within the United States 
or abroad. This analysis highlights potential for 
lapses in infection control to contribute to transmis-
sion both internationally and domestically and the 
challenges of detecting and investigating outbreaks 
in which patients travel. Our findings reinforce the 
importance of risk mitigation strategies, including 
effective communication of potential risks to pa-
tients, to prevent serious complications of medical 
procedures or surgeries. CDC provides guidance 
and information for healthcare personnel and pa-
tients who are considering medical tourism abroad 
(3,8). US residents might also benefit from those  
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Table 1. Characteristics of consultations related to travel by US residents for elective cosmetic medical procedures reported to the 
Centers for Disease Control and Prevention, 2014–2024 
Characteristics No. consultations, N = 21 
Location of procedure 

 

 International 17 
 United States 4 
Setting* 

 

 Surgery center or surgery clinic 14 
 Med-spa 1 
 Unknown 6 
Type of cosmetic procedure† 

 

 Liposuction with or without fat transfer 12 
 Abdominoplasty 9 
 Gluteal augmentation 7 
 Breast augmentation 6 
 Other cosmetic surgery‡ 4 
 Unspecified cosmetic medical procedure 4 
Pathogen, n = 20§ 

 

 Nontuberculous mycobacteria  12 
 Suspected nontuberculous mycobacteria¶ 1 
 Methicillin-resistant Staphylococcus aureus 1 
 Fusarium solani complex 1 
 Carbapenem-resistant Pseudomonas aeruginosa 1 
 Unknown 4 
Type of infection, n = 20§ 

 

 Surgical site infection 16 
 Central nervous system infection 1 
 Sepsis 1 
 Unknown site 2 
Postsurgical procedural intervention, n = 20# 

 

 Surgical or procedural treatment** 7 
 Other 5 
 Antibiotic treatment 7 
Outcomes 

 

 Hospitalization 4 
 Death 4 
 Unknown 14 
*Categorization of setting types was based on descriptions relayed by public health jurisdictions and partners and may have variable interpretations in 
international and domestic locations. 
†Types of cosmetic medical procedures were not mutually exclusive. 
‡Other types of procedures were upper and lower blepharoplasty, facial fat grafting, lip filler, zygoma reduction-plasty, “thread lift,” dimpleplasty, removal 
of gluteal implants, panniculectomy, and rhytidectomy. 
§One consultation was excluded from the denominator of this section because investigation indicated patient outcomes were due to fat emboli and 
unrelated to an infectious etiology. 
¶Suspected nontuberculous mycobacterium were defined as growth on acid-fast bacillus culture without mycobacterial species identification. 
#Surgical or procedural interventions were not mutually exclusive. 
**Surgical or procedural treatments include incision and drainage, surgical debridement, and therapeutic surgical revisions. 
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risk mitigation strategies when choosing a domestic 
destination for cosmetic procedures.

Identifying adverse outcomes among persons 
who travel for cosmetic procedures is challenging 
and relies on clinical vigilance and reporting to pub-
lic health authorities. Approximately one third of 
consultations reported large outbreak investigations 
involving multiple patients and states, which often 
requires extensive case-finding methods and infor-
mation networks to connect information about geo-
graphically dispersed patients (2,7,9). One CDC Data 

(https://www.cdc.gov/data-modernization/php/
one-cdc-data-platform/index.html) is a unified data 
platform that enables communication among public 
health professionals. Improved surveillance, contin-
ued partnership among clinicians and public health 
agencies, and strong patient engagement can encour-
age early identification of adverse outcomes and in-
form targeted prevention efforts for those settings 
(10,11). CDC is working with partners to explore op-
portunities to improve surveillance of adverse out-
comes linked to medical tourism.
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Table 2. Examples of select consultations and adverse outcomes related to travel for elective cosmetic procedures reported to 
Centers for Disease Control and Prevention, 2014–2024* 
Location of 
procedures, y  Pathogen(s) 

No. 
patients Procedure(s) Description Outcome(s) 

Dominican 
Republic, 
2017 

NTM 52 Liposuction with 
and without fat 
transfer; breast 
augmentation; 

abdominoplasty 

Multiple strains of NTMs identified, 
suggesting widespread infection 

prevention and control lapses across 
multiple clinics and surgical providers. 
Extensive case-finding methods used, 

including call for cases through Epidemic 
Information Exchange, state-based 

health alert systems, Infectious Disease 
Society of America’s Emerging Infections 
Network, and American Society of Plastic 

Surgeons’ email distribution list (14) 

>11 patients received >1 
antibiotic; >14 patients 
required therapeutic 

surgical procedures; 1 
death reported 

   

    

Florida, USA, 
2017 

NTM 3 Gluteal 
augmentation 

3 patients from 2 states developed 
surgical site infections attributed to NTM 

after cosmetic procedures 

Outcomes not documented 

    Procedures completed sequentially  
on same day by same surgeon  

in rented operating room 

 

Dominican 
Republic, 
2018 

Methicillin-
resistant 

Staphylococcus 
aureus 

3 Abdominoplasty; 
gluteal 

augmentation; 
liposuction 

 

3 patients from same state of residence 
developed surgical site infections after 
cosmetic procedures performed at 3 

surgical centers abroad by 3 surgeons.  
1 clinic associated with prior healthcare-

associated outbreak of NTM 

Outcomes not documented 

    Wound cultures from 1 patient  
identified methicillin-resistant 

Staphylococcus aureus 

 

    No other pathogens reported  
Florida, USA, 
2022–2023 

NTM 19 Gluteal 
augmentation; 
liposuction with 
and without fat 

transfer; 
abdominoplasty 

Postsurgical infections were identified 
among 19 patients; of those, 15 patients 

from 9 states underwent cosmetic 
procedures at the same clinic and met 

the investigation’s definition of a 
confirmed case (2). Mycobacterium 

abscessus was identified from wound 
cultures from all confirmed cases. Case-
finding methods included a national call 

for cases through CDC Epidemic 
Information Exchange. Surgery center 
where procedures were performed was 
closed, and therefore, infection control 

practices could not be evaluated. 
Evaluation of infection control practices 
at another clinic where the same staff 

worked identified gaps in personal 
protective equipment use, medical device 

reprocessing, and environmental 
cleaning and disinfection 

>6 case-patients required 
intravenous antibiotics; >1 

patient hospitalized; >4 
case-patients required 

additional interventions, 
including computed 
tomography–guided 

percutaneous abscess 
drainage, needle 

aspiration, incision and 
drainage, wound 

debridement, and surgical 
skin excision with drainage 

   

    

*Consultations were defined as a verbal or written request to CDC from health departments for investigation and technical assistance in response to 
reports of patient harm resulting from breaches in healthcare infection prevention and control. CDC, Centers for Disease Control and Prevention; NTM, 
nontuberculous mycobacterium. 
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More than half of consultations were attributed to 
NTM, accounting for all domestic consultations and 
most international consultations. The invasive nature 
of cosmetic procedures and potential exposure to 
nonsterile ice and water, which have been associated 
with NTM outbreaks in healthcare settings, might 
contribute to the large proportion of travel-related 
cosmetic consultations involving NTMs (1,10,12). Cli-
nicians might be more likely to report difficult-to-treat 
and rare infections such as NTM than other infection 
types. Although NTMs are not nationally notifiable, 
public health experts recommend investigating even 
a single case of healthcare-associated extrapulmonary 
NTM (13). Observing IPC practices and evaluating 
clinical use of nonsterile water or ice before, during, 
and after cosmetic procedures is a high-yield action 
for those investigations.

Regulation for facilities where cosmetic proce-
dures are performed can vary, creating challenges 
to ascertain IPC standards and ensure patient safety. 
US state regulations can differ by locality, and not all 
facilities are federally regulated by the Centers for 
Medicare and Medicaid Services, potentially contrib-
uting to varying IPC and water management prac-
tices. The existence of international IPC regulations 
can be unclear, given the complexities of different 
regulatory frameworks by country. As a result, IPC 
standards in other countries might be unknown or 
uncertain. When adverse outcomes related to medi-
cal tourism have been identified in the United States, 
CDC has connected with country public health au-
thorities, such as ministries of health, to alert inter-
national partners and help address IPC concerns, 
decreasing future risk to patients (7,9). Persistent IPC 
gaps contribute to a higher risk for infection, and ad-
dressing those gaps should be prioritized to ensure 
safety of cosmetic procedures.

The first limitation of our review is that we used 
a convenience sample from health departments that 
requested CDC consultation, and findings do not 
represent all travel-related healthcare outbreaks. Full 
investigation details, including specific IPC issues po-
tentially contributing to transmission, were not sys-
tematically provided to CDC and, therefore, might 
be missing or incomplete in CDC records. Outbreaks 
were likely underdetected and underreported be-
cause facilities might not track patient outcomes and 
reporting standards vary by jurisdiction. Last, we did 
not include consultations involving cosmetic proce-
dures occurring within a patient’s state of residence, 
which could pose similar infectious risks.

Outbreaks among persons who travel for cos-
metic procedures, regardless of destination, might 

be difficult to detect and can lead to complex inves-
tigations associated with special challenges. Patients 
should consider the potential risks when traveling for 
cosmetic procedures. Clinicians should consider risk 
for infection, particularly NTM, among this popula-
tion, and have a low threshold for notifying health 
departments. In addition to notifying the state or lo-
cal health department, CDC requests notification of 
complications related to medical tourism by emailing 
medicaltourism@cdc.gov.
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Coccidioidomycosis is a fungal infection caused 
by Coccidioides spp. Approximately 1% of all coc-

cidioidomycosis progress to extrapulmonary dissem-
inated coccidioidomycosis (DCM), with involvement 
of the central nervous system leading to coccidioidal 
meningitis (CM), the most severe and potentially fatal 
form of the disease (1,2).

Coccidioidomycosis is endemic to the southwest-
ern United States, including Texas, where it is not cur-
rently a reportable disease (3,4). During 2016–2021, 
≈3,200 coccidioidomycosis-related hospital discharg-
es were recorded in Texas (5). Although previous 
reports have described DCM and CM cases at indi-
vidual medical centers, state level data for Texas are 
lacking (5,6). Our study describes the epidemiology, 
clinical characteristics, and outcomes of DCM and 
CM hospitalizations in Texas.

The Study
We obtained data from Texas Inpatient Public Use Data 
files (TIPUDF) for January 1, 2016–December 31, 2023, 
from the Texas Department of State Health Services  

Center for Health Statistics (https://www.dshs.texas.
gov/center-health-statistics). Because the study used 
publicly available and deidentified data, it was exempt 
from institutional review board approval. TIPUDF 
includes claims for medical services from all state-li-
censed, nonfederal hospitals in Texas, capturing ≈97% 
of hospital discharges. Each record represents a hos-
pital encounter, containing the final discharge and all 
related claims information for a deidentified patient.

We identified the main cohort of DCM on the basis 
of the presence of codes from the International Clas-
sification of Diseases, 10th Revision (ICD-10), related 
to DCM (B38.7) or CM (B38.4) in all available patient 
records, including principal and other diagnosis fields 
(Figure 1). We restricted the analytic sample according 
to the patients’ US state of residence in record and in-
cluded only patients with a residence in Texas. This in-
clusion enabled us to characterize coccidioidomycosis 
within the Texas population and inform state-specific 
public health surveillance. 

We divided the cohort into CM and non-CM DCM 
groups. We identified underlying conditions by using 
ICD-10 codes (Appendix Tables 1, 2, http://wwwnc.
cdc.gov/EID/article/32/6/25-1469-App1.pdf). We 
identified hospitalizations with intensive care unit 
(ICU) admissions on the basis of hospital charges 
coded for an ICU or coronary care unit. We adjusted 
hospital charges, including facility fee, professional 
services, pharmacy, laboratory, and all other hospital-
billed services, to 2023 Q4 dollars by using the Con-
sumer Price Index for All Urban Consumers obtained 
from the US Bureau of Labor Statistics (https://
www.bls.gov/news.release/archives/cpi_01112024.
htm). We based geographic distribution analyses and 
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mapping on patient county of residence. We used the 
Fisher exact test for comparison of categorical vari-
ables and Student t-test for comparison of continuous 
variables and considered 2-sided p<0.05 statistically 
significant. We conducted all analyses by using R 
version 4.4.1 (The R Project for Statistical Computing, 
https://www.r-project.org). This study is reported 
in accordance with the RECORD guidelines for ob-
servational studies (https://www.record-statement.
org) by using routinely collected health data.

For 2016–2023, we identified 539 DCM associated 
hospitalizations in Texas, USA (Appendix Table 3). 
Of those, 47.5% (n = 256) involved CM, and 52.5% (n = 
283) were DCM without CM. Men represented 59.2% 
and women 40.8% of hospitalizations. The most af-
fected age group was 18–44 years of age (43.4%), fol-
lowed by 45–64 years (36.0%). Hispanic patients rep-
resented 51.9% of the hospitalizations, followed by 
Black patients (20.0%).

Pulmonary coccidioidomycosis was documented 
in 12.6% of DCM hospitalizations. The most common 
underlying conditions were malnutrition (27.8%), 
diabetes mellitus (27.3%), and nicotine dependence 
(23.6%). HIV infection was noted in 15.2% and renal 

disease in 20.8% of hospitalizations. ICU admission 
was required in 50.1% of hospitalizations. The mean 
length of stay was 14.6 days, and the mean adjusted 
hospitalization charges were $190,933 per stay. In-
hospital mortality occurred in 5.9% of hospitalizations, 
and 4.6% of patients were discharged to hospice.

The highest rate of DCM hospitalizations oc-
curred in the Odessa–San Angelo region (15.18 hos-
pitalizations/100,000 population), followed by El 
Paso (6.98 hospitalizations/100,000 population) and 
Corpus Christi–Laredo (3.34 hospitalizations/100,000 
population) (Table). County-level mapping revealed 
clustering in west-central, south, and east Texas; sev-
eral counties reported >40 hospitalizations (Figure 2). 
Hospitalizations for CM and non-CM DCM showed 
similar patterns in age, gender, and outcomes, but 
CM hospitalizations showed lower rates of diabetes 
mellitus, malnutrition, and renal disease.

Conclusions
Our study characterizes the geographic distribution 
and clinical effect of DCM and CM hospitalizations 
in Texas. Approximately 46% of hospitalizations in-
volved residents of traditionally endemic regions 

Figure 1. Cohort derivation 
flowchart for study of disseminated 
coccidioidomycosis hospitalization, 
with or without coccidioidal 
meningitis, Texas, USA, 2016–2023.
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(5,7). The Odessa–San Angelo region, despite its small 
population, had the highest rate of DCM and CM hos-
pitalizations, likely reflecting its suitable Coccidioides 
habitat and oil and gas industry activities involving 
soil disturbance (7) (https://www.eia.gov/petro-
leum/drilling). We observed high absolute numbers 
of hospitalizations among residents of metropolitan 
areas, such as Dallas–Fort Worth and Houston, which 
are not recognized as endemic regions. That observa-

tion might reflect the large metropolitan population 
bases but could also indicate endemic region expan-
sion in Texas related to increased temperatures and 
altered precipitation patterns (5). Travel to endemic 
regions, both in-state or out-of-state, might also con-
tribute to the observed distribution. However, our 
dataset lacks travel history information, preventing 
distinction between locally acquired and travel-relat-
ed infections. 

 
Table. Geographic distribution of disseminated coccidiomycosis and coccidioidal meningitis associated hospitalizations in Texas, 
2016–2023 

Public health region* 
No. hospitalizations in the 

region/population in the region† 
Crude hospitalization rate per 
100,000 population (95% CI) 

Odessa-San Angelo (9) 93/612,773 15.18 (12.25–18.59) 
El Paso (10) 62/888,720 6.98 (5.35–8.94) 
Corpus Christi-Laredo (11) 75/2,246,397 3.34 (2.63–4.19) 
San Antonio (8) 63/3,026,095 2.08 (1.60–2.66) 
Amarillo–Lubbock (1) 18/900,807 2.00 (1.18–3.16) 
Tyler (4) 16/1,149,993 1.39 (0.80–2.26) 
Austin-Temple (7) 46/3,661,292 1.26 (0.92–1.68) 
Dallas-Fort Worth (3) 88/8,044,641 1.09 (0.88–1.35) 
Houston (6) 67/7,297,022 0.92 (0.71–1.17) 
Abilene-Wichita Falls (2) 5/549,130 0.91 (0.30–2.12) 
Beaumont (5) 4/768,635 0.52 (0.14–1.33) 
*Defined by Texas Department of State Health Services (https://www.dshs.texas.gov/center-health-statistics/texas-county-numbers-public-health-regions). 
Numbers in parentheses represent region assignment.  
†Defined by the US Census in 2020, data provided by Texas Demographic Center (https://demographics.texas.gov/Projections/2024) 

 

Figure 2. Geographic distribution 
of hospital visits for disseminated 
coccidioidomycosis, with and 
without coccidioidal meningitis, 
on the county level, Texas, USA, 
2016–2023. All counties of Texas 
with reported cases (n = 96) 
were included in the study.
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The predominance of working-age men in our 
study is consistent with other publications (8,9) and 
likely reflects occupational exposure in construc-
tion, agriculture, and oil and gas extraction (10,11). 
We also observed a high number of DCM hospital-
izations among Hispanic patients (51.9%) in Texas, 
likely because they comprise 69.4% of the population 
in endemic west Texas counties (https://demograph-
ics.texas.gov/Projections/2024). Black patients, who 
comprise only 3.9% of the west Texas endemic region 
population, were disproportionately affected (20.0%) 
relative to their regional presence, consistent with 
previous studies documenting higher risk for DCM 
in African American populations (8) (https://demo-
graphics.texas.gov/Projections/2024). CM hospital-
izations showed lower rates of diabetes, malnutrition, 
and renal disease compared with non-CM DCM, al-
though the underlying mechanisms remain unclear.

Our study reveals the mortality, length of stay, 
and charges of hospitalizations among the DCM hos-
pitalizations in Texas. DCM hospitalizations in Texas 
carry a large financial weight; >50% of patients are 
hospitalized for ≈2 weeks, and ≈50% required ICU 
admission. Comparing those outcomes with previ-
ously reported national data is limited by method-
ological and temporal differences. CM-associated 
mean hospitalization charges were 3.8-fold higher 
than the national cost estimate reported previous-
ly because of our use of unadjusted charges versus 
cost-to-charge ratio conversions, rather than true dif-
ferences in resource utilization (9). Comparisons of 
clinical outcomes are further confounded by differ-
ing study periods and COVID-19 pandemic-related 
healthcare disruptions. 

The first limitation of our study is that the sensi-
tivity and specificity of ICD-10 codes for DCM and 
CM have not been evaluated. Coding errors might 
result in underestimation of cases. Recent validation 
work revealed 38.9% of cases coded as unspecified 
coccidioidomycosis represented disseminated dis-
ease (12). Second, TIPUDF suppression rules mask 
gender for patients with a diagnosis code determined 
to be of a sensitive nature, such as polysubstance use 
and HIV. That rule affected ≈21.0% (n = 115) study 
records, which might influence our results. Third, 
TIPUDF does not distinguish recurrent admissions 
of individual patients, resulting in duplicated data 
and overrepresentation of cases with severe disease 
requiring multiple visits. Fourth, readmission rates 
for DCM can reach 59%, particularly for CM (13). 
Therefore, our hospitalization-level mortality esti-
mate of 10.5% likely underestimates true patient-lev-
el mortality. Finally, lack of mandatory reporting and  

limited provider awareness might contribute to un-
derdiagnosis (14).

Our findings highlight the clinical and economic 
effects of DCM and CM hospitalizations in Texas and 
suggest possible expansion of endemic regions. Fur-
ther economic analysis is warranted to elucidate the 
financial hardships of coccidioidomycosis on Texas 
residents. Enhanced surveillance, provider aware-
ness, and targeted public health interventions are 
needed to address the evolving epidemiology of coc-
cidioidomycosis in Texas.
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Burkholderiaceae is a large and heterogeneous 
bacterial group, ubiquitous in the environment 

and animal microbiomes, including plant and ani-
mal endophytes, nitrogen-fixing symbionts, and 
plant and animal pathogens (1–3). Analysis of 16S 
rRNA and conserved sequence insertion/deletions 
split the group into 7 distinct clades, including the 
new genus Caballeronia, represented by type species 
C. glathei (1–4). Named after Mexican microbiolo-
gist Jesús Caballero-Mellado, Caballeronia are gram-
negative nonsporulating oval or rod-shaped cells 
that occur singly, in pairs, or in short chains. They 
can grow on tryptone soy and occasionally on Mac-
Conkey agar. Whereas members of the Burkholderia 
genus are established human pathogens, Caballero-
nia spp. are not (2,3). Two strains of C. concitans iso-
lated from lung tissue and blood and 1 of C. turbans 
isolated from pleural fluid have been characterized 
phenotypically, but the clinical details of those or 
other infections have not been previously reported 
(1,5). We describe Caballeronia bacteremia in 2 chil-
dren with cancer in Tennessee, USA.

The Cases
Case 1 was in a 3-year-old boy with neuroblastoma 
who was admitted to St. Jude Children’s Research 
Hospital (Memphis, TN, USA) with a fever of 39.7°C, 
chills, tachycardia, and hypotension. At the time of 
hospitalization, he had completed chemotherapy, 
had undergone resection of his primary tumor and 
autologous hematopoietic stem-cell transplant, and 
was receiving radiation therapy to his abdomen. 
A double-lumen tunneled central venous catheter 
(CVC) had been placed 15 months earlier. He had a 
history of catheter-associated bloodstream infections 
caused by Escherichia coli and Staphylococcus aureus 
bacteremia, both successfully treated with antibacte-
rial drugs.

His physical examination was remarkable for 
pallor, an ill appearance, tachycardia (heart rate 
192 beat/min), hypotension (blood pressure 63/51 
mm Hg), and a delayed capillary refill of 4–5 sec-
onds. Physical examination showed no focal find-
ings. His leukocyte count was 2.67 × 103 cells/mm3 
(reference range 5.60–17.00 × 103 cells/mm3), and 
absolute neutrophil count (ANC) was 1,730/mm3 
(reference range 1,500–8,500/mm3). Findings from 
a complete metabolic panel were unremarkable. 
Blood cultures were obtained, and intravenous 
fluids, ceftriaxone, and vancomycin were admin-
istered. The patient’s vital signs promptly normal-
ized, and his fever resolved.

Elongated gram-negative bacilli were identi-
fied in blood cultures obtained from 1 lumen of the 
central line after 35.11 incubation and a peripheral 
vein at 36.17 hours of incubation. Eplex BCID-GN 
multiplex PCR (Roche, https://www.roche.com) 
and Accelerate Pheno BC Kit (Accelerate Diagnos-
tics, https://acceleratediagnostics.com) did not 
identify any organisms. Subcultures grew on blood 
and chocolate agar but not on MacConkey agar, 
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Caballeronia spp. are gram-negative bacteria belonging 
to the Burkholderiaceae family, commonly found in the 
environment and in association with plants and animals. 
However, the bacteria are an uncommon cause of human 
infection. We describe Caballeronia bacteremia in 2 chil-
dren with cancer in Tennessee, USA.
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raising concern for a potential biothreat agent. The 
Gram stain morphology was consistent with Bur-
kholderia spp. but not Brucella, Francisella, or Yer-
sinia spp. Rapid biochemical testing showed the 
isolate was weakly catalase positive, urea negative, 
and oxidase positive. A zone of inhibition around 
a polymyxin B disk ruled out Burkholderia mallei 
and B. pseudomallei. Matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) mass 
spectrometry by VITEK MS (bioMérieux, https://
www.biomerieux.com) produced no identification. 
VITEK 2 (bioMérieux) automated biochemical iden-
tification cards produced an initial identification of 
Burkholderia gladioli with a confidence score of 89%, 
which was below the acceptable threshold. Repeat 
testing from chocolate agar produced no identifica-
tion but from blood agar produced an identifica-
tion of Acinetobacter lwoffii (confidence score 99%). 
However, reference laboratory testing (Mayo Clinic 
Laboratories, Rochester, MN, USA) identified Ca-
balleronia glathei by MALDI-TOF mass spectrom-
etry. The identification was confirmed by bacterial 
whole genome sequencing, as previously described 
(6), and species identification with SpeciesFind-
er-2.0 (Center for Genomic Epidemiology, https://
cge.food.dtu.dk/services/SpeciesFinder). The iso-
late failed to grow on antimicrobial susceptibility 
test media.

Additional blood cultures obtained on the sec-
ond and fourth hospital days were sterile, as was a 
culture of the patient’s urine. The CVC was retained 
because the differential time-to-positivity suggested 
it was not a source of infection. Vancomycin was dis-
continued after 48 hours, and the patient completed a 
10-day course of ceftriaxone.

Case 2 was in a 6-year-old boy with blastic plas-
macytoid dendritic cell neoplasm who was admitted 
to St. Jude Children’s Research Hospital with a his-
tory of a fever of 38.2°C at home and loose stools. He 
was receiving an individualized chemotherapy pro-
tocol and had no prior complications from that thera-
py. A double-lumen CVC had been placed 5 months 
previously. On evaluation, he was afebrile and well-
looking. He received a dose of ceftriaxone and was 
discharged but was recalled and admitted to hospi-
tal the following day when growth was detected in 
blood cultures (both lumens, at 19.10 and 26.42 hours 
of incubation). No concurrent blood cultures from a 
peripheral vein were obtained.

Physical examination at admission was unre-
markable, and he had no complaints. His leuko-
cyte count was 1.2 × 103 cells/mm3 (reference range 
4.40–10.60 × 103 cells/mm3) and ANC was 1,281/
mm3 (reference range 1,500–7,600/mm3). Findings 
of a complete metabolic panel were unremark-
able. Additional blood cultures were obtained and 
cefepime was administered. Later that day, fever 
recurred (38.1°C), hypotension (blood pressure 
82/45 mm Hg) and neutropenia (ANC 334/mm3) 
were noted, and meropenem and trimethoprim/
sulfamethoxazole (TMP/SMX) were substituted  
for cefepime. The patient’s vital signs promptly 
normalized.

A blood culture broth smear revealed gram-neg-
ative bacilli with tapered ends and possible endo-
spores (Figure). Microbiologic characteristics were as 
described for case 1, with no growth on MacConkey 
agar. Rapid biochemical testing was negative for oxi-
dase, weakly positive for catalase, and urea positive. 
After biothreat was ruled out, the reference laborato-
ry testing identified the organism as Caballeronia spp. 
(undetermined species) by 16S ribosomal RNA gene 
sequencing. The isolate was susceptible to all tested 
antimicrobial agents, including piperacillin/tazo-
bactam (MIC <8/4 µg/mL), aztreonam (MIC <4 µg/
mL), ceftazidime (MIC <4 µg/mL), cefepime (MIC <2 
µg/mL), meropenem (MIC 1 µg/mL), ciprofloxacin 
(MIC 0.5 µg/mL), levofloxacin (MIC <0.5 µg/mL), 
tobramycin (MIC <1 µg/mL), gentamicin (MIC <1 
µg/mL), amikacin (MIC <1 µg/mL), and TMP/SMX 
(MIC <0.5/9.5 µg/mL).

Subsequent blood cultures were positive for the 
same organism on the patient’s second hospital day 
(1 lumen only); cultures were sterile thereafter. The 
CVC was retained because of the patient’s prompt 
clinical response and the rapid sterilization of blood 
cultures. He completed a 10-day course of merope-
nem and TMP/SMX. Bacterial identification and  

Figure. Gram stain of isolate from case 2 in report of 2 cases of 
Caballeronia bacteremia in children with cancer, United States. 
Staining shows a gram-negative bacillus in pairs and chains with 
tapered ends and possible endospores. Original magnification ×100.
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antimicrobial susceptibility test results were not 
available until antimicrobial therapy was completed.

Conclusions
A clear source of these patients’ infections was not 
found. Physical examination did not reveal a focus of 
infection that could have resulted in bacteremia. Dif-
ferential time-to-positivity suggested the second patient 
had a catheter-related bloodstream infection; contami-
nation of medical devices by Burkholderiaceae has been 
reported (7). Given that the human gastrointestinal mi-
crobiome includes Caballeronia, infection might have 
been related to gastrointestinal barrier dysfunction and 
translocation of bacteria, a route suggested by diarrhea 
in case 2. Consistent with that hypothesis, some patients 
with COVID-19 and gastrointestinal symptoms were 
reported to have elevated markers of gut permeabil-
ity and plasma microbiomes that contain Caballeronia 
spp. and other gut flora (R. Prasad et al., unpub. data, 
https://doi.org/10.1101/2021.04.06.438634). Because 
the 2 cases occurred years apart, healthcare-associated 
transmission was not suspected.

As in the cases we describe, identification of Ca-
balleronia spp. is unlikely to be made with current 
standard methods available in most clinical labo-
ratories, and misidentification as other Burkholderia 
or Acinetobacter spp. could occur. Caballeronia spp. 
are absent from current VITEK MS (bioMérieux) or 
MALDI Biotyper (Bruker Daltonics) Food and Drug 
Administration–cleared databases; however, they can 
be identified by MALDI-TOF mass spectrometry with 
a custom database (8).

The optimal treatment for infections caused by 
Caballeronia spp. is unknown. Administration of 
broad-spectrum antimicrobial drugs led to clinical 
and microbiological resolution of the patients’ infec-
tions; in case 2, in vitro susceptibility to all antimi-
crobial drugs tested was confirmed. Of note, both 
patients’ ANC results were within reference ranges 
or transiently low; the absence of severe neutrope-
nia might have contributed to a successful outcome. 
This report of 2 Caballeronia bacteremia cases serves 
as a reminder that emerging pathogens continue to  
pose clinical challenges in severely immunocompro-
mised patients.
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The increasing rates of antimicrobial resistance 
(AMR) in Neisseria gonorrhoeae globally pose a 

major threat to the management of gonorrhea (1). In 
the United States and many other developed coun-
tries, ceftriaxone, a third-generation cephalosporin, 
is the recommended therapy for the treatment of un-
complicated gonorrhea (2,3). In Australia, dual treat-
ment with ceftriaxone and azithromycin is currently 
recommended (4). To mitigate the threat of AMR on 
public health, surveillance of AMR in N. gonorrhoeae 
is critical for monitoring antimicrobial susceptibility 
trends, assessing emergence of AMR, and guiding 
treatment recommendations (5).

In this issue, Walker et al. (4) describe the results 
of an integrated phenotypic, epidemiologic, and ge-
nomic analysis of N. gonorrhoeae isolates collected 
in New South Wales (NSW), Australia, as part of a 
comprehensive surveillance program during January 
2022–December 2024. The isolates were subjected to 
antimicrobial susceptibility testing and classified as 
N. gonorrhoeae of public health concern because they 
displayed either decreased susceptibility (DS) to cef-
triaxone (MIC >0.125 mg/L) or high-level resistance 
(HLR) to azithromycin (MIC >256 mg/L). In NSW, 
detection of an N. gonorrhoeae isolate of public health 
concern prompts a public health response, including 
collection of samples from each site of infection for 
test-of-cure (TOC) and enhanced surveillance pro-
tocols for identifying treatment failures, informing 
of emerging resistance trends, and enhancing AMR 
surveillance. That type of systematic monitoring 
for treatment failures helps enhance AMR surveil-
lance practices and is a key component of the World  

Health Organization global action plan to control the 
spread and impact of AMR in N. gonorrhoeae (5).

In the analysis by Walker et al., of the 54 patients 
with ceftriaxone DS N. gonorrhoeae, 46 (85.2%) re-
turned for TOC; of those, 2 (4.3%) returned a positive 
TOC result by nucleic acid amplification test (NAAT) 
for N. gonorrhoeae >2 weeks after treatment, which is 
suggestive of treatment failure. The high return rate 
for follow-up TOC reported in this study is notable, 
considering that other studies have reported lower re-
turn rates of 41%–64% (6–9). In addition, the prospec-
tive evaluation and identification of isolates of public 
health concern helped to identify treatment failures 
which might otherwise have remained undiagnosed, 
suggesting that the targeted public health response 
approach might be a suitable intervention to identify 
persons requiring retreatment and prevent onward 
transmission of ceftriaxone DS N. gonorrhoeae.

Despite increasing rates of ceftriaxone-resistant 
N. gonorrhoeae globally (10), reporting and confirma-
tion of treatment failure cases remain low; possible 
causes are inconsistent treatment regimens, limited 
access to culture diagnostics, and heterogenous defi-
nitions of treatment failures (11). Furthermore, cef-
triaxone resistance, for which MIC breakpoints have 
not been clearly or uniformly defined globally, might 
not always result in treatment failure (11), which sug-
gests that current ceftriaxone resistance breakpoints 
might need to be reexamined (12). Of note, the Clini-
cal and Laboratory Standards Institute guidelines rec-
ommend classifying N. gonorrhoeae isolates with cef-
triaxone MIC <0.125 mg/L as susceptible and those 
with MIC >0.5 mg/L as resistant (13). In the study 
by Walker et al., of the patients with ceftriaxone DS 
(MIC >0.125 mg/L) who underwent TOC, 44/46 
(95.7%) returned a negative NAAT result. That find-
ing suggests that dual therapy with ceftriaxone and 
azithromycin was effective in eradicating almost all 
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infections caused by ceftriaxone DS N. gonorrhoeae but 
does not conclusively demonstrate the clinical signifi-
cance of the >0.125 mg/L breakpoint for defining cef-
triaxone DS or resistance.

The increasing rates of ceftriaxone-resistant N. 
gonorrhoeae globally have been driven by surges of 
N. gonorrhoeae harboring the mosaic penA-60 allele in 
the Asia Pacific region (10). In the study by Walker 
et al., 45% of ceftriaxone DS N. gonorrhoeae isolates 
harbored the penA-60 allele; that finding is consistent 
with global reports that the penA-60 allele is the most 
common genetic variation associated with ceftriaxone 
DS and resistance (10,14). Network analysis revealed 
5 different ceftriaxone DS clusters, including a large 
cluster of 13 isolates, which suggested local transmis-
sion of ceftriaxone DS N. gonorrhoeae. The study also 
provided evidence of overseas acquisition of ceftriax-
one DS N. gonorrhoeae and local transmission of those 
overseas-acquired infections, highlighting the possi-
bility of further emergence of ceftriaxone resistance 
in Australia through importation of resistant strains.

Walker et al. also reported on cases of N. gonor-
rhoeae with azithromycin HLR, which were primar-
ily from nonheterosexual patients (95%), and patients 
with a history of sexually transmitted infections 
(70%); cases were approximately evenly distributed 
across the anatomic sites (urogenital tract, rectum, and 
pharynx). Of note, whereas genomic analysis identi-
fied 2 separate but connected clusters (17/40 cases) 
of N. gonorrhoeae with HLR, many (19 [47.5%]) cases 
lacked genetic relatedness, suggesting that different 
strains of N. gonorrhoeae with azithromycin HLR are 
circulating in NSW, Australia. That finding, together 
with the post–COVID-19 (2022–2024) increase of gon-
orrhea cases in NSW caused by azithromycin HLR N. 
gonorrhoeae, is consistent with the evolving global epi-
demiology of N. gonorrhoeae with azithromycin HLR 
(15). Of note, N. gonorrhoeae multilocus sequence type 
(MLST) ST9363, which was the second most com-
mon MLST (22.5%, 9/40) of cases with HLR reported 
by Walker et al, is the most widely disseminated ST 
globally in N. gonorrhoeae with HLR to azithromycin 
(15). Although azithromycin HLR was not associated 
with treatment failures in that study, the increasing 
rates of N. gonorrhoeae with this phenotype is an ex-
ample of the rapid and constant evolution of AMR in 
N. gonorrhoeae.

The public health approach described by Walker 
et al. involving phenotypic, genotypic, and epide-
miologic analysis of N. gonorrhoeae of public health 
concern is a practical and effective tool to identify 
treatment failures, prevent further emergence of  
ceftriaxone resistance, and ultimately help to pre-

serve the clinical utility of ceftriaxone. Additional 
public health approaches, including monitoring of 
treatment failures in pharyngeal gonorrhea, which 
can be caused by ceftriaxone-susceptible N. gonor-
rhoeae, are necessary to prevent onward transmission 
of antimicrobial-resistant gonorrhea. Culture-based 
characterization of AMR in N. gonorrhoeae needs to 
be expanded to establish ceftriaxone resistance break-
points. Finally, clinical trials are warranted not only 
to determine the efficacy of ceftriaxone in the era of 
increasing ceftriaxone resistance but also to better de-
fine the relationship between AMR in N. gonorrhoeae 
and treatment failures.
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Who is this person and  
what did he accomplish?

PHOTO QUIZ

Here is a clue: He devised high-powered microscopes  
that extended our perception beyond the  

naked eye to the microbial world.

Who is he?
1. Robert Hooke

2. Jan Swammerdam
3. Thomas Molyneux

4. Antony van Leeuwenhoek
5. Nicolaas Hartsoeker

Decide first, then see next page for the answer.
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This is a painting of Antony van Leeuwenhoek 
(1632–1723), who is sometimes credited with in-

venting the microscope; he did not. However, he did 
markedly enhance it, devising a high-powered micro-
scope that opened up the microscopic world. Others 
have seen deeper into this tiny domain, but van Leeu-
wenhoek was the first to witness it. He extended our 
perception beyond what could be seen with the na-
ked eye to directly observe an entirely new universe.

Antony van Leeuwenhoek was born in 1632 in 
a small village in Holland named Delft. That was 
also the same town and year that Dutch painter Jan 
Vermeer entered the world. Their lives would take 
different paths but intermingle (1).

At age 16, van Leeuwenhoek went to Amsterdam 
and learned the drapery business. After about 6 
years in Amsterdam, van Leeuwenhoek returned 
to Delft, where he began a reasonably successful 
drapery business. In 1660, he was appointed to a 
local government post that he held for 39 years. 
That position led van Leeuwenhoek to be appointed 
as official receiver of the estate of the painter Jan 
Vermeer when he died at age 43. Art historians have 
hypothesized that van Leeuwenhoek may have 
been the subject in 2 of Vermeer’s paintings—The 
Geographer and The Astronomer.

The salary from his local government post, along 
with an inheritance after his mother’s death in 1664, 
enabled van Leeuwenhoek to pursue interests outside 
his drapery business. Notably, van Leeuwenhoek began 
crafting lenses that he placed between 2 metal plates. With 
this handheld microscope, van Leeuwenhoek began to 
examine all sorts of objects. So-called microscopes up to 
that point were essentially magnifying glasses, capable 
of enlarging 20 times. van Leeuwenhoek created  
single-lens microscopes that could magnify 270 times 
and some as much as 500 times, a magnification far 
greater than that of any previous microscope. His 

skill at producing high-quality lenses for microscopes 
eventually caught the attention of the secretary of the 
British Royal Society, Henry Oldenburg, who was 
impressed. For the next 50 years, until his death, van 
Leeuwenhoek sent hundreds of letters describing his 
investigations to the Royal Society.

van Leeuwenhoek’s observations on single-celled 
organisms began in 1674 when he started looking 
through his microscope at pond water. In a letter to 
Oldenburg, he described what he saw:

. . . there were many small green globules. 
Among these there were, besides, very many 
little animalcules, some were roundish, while 
others, a bit bigger, consisted of an oval (2).

Antony van Leeuwenhoek,  
Pioneer of the Microscopic World

Robert Gaynes

Author affiliation: Emory University School of Medicine, Atlanta, 
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Figure. Antony van Leeuwenhoek (1632–1723). Painting by Jan 
Verkolje (1680–1686). Public domain image. Source: Wikimedia 
Commons.
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van Leeuwenhoek described single-cell protozoa 
that probably included Giardia, judging from his 
sketches, making him the first man to ever see creatures 
that small. Some questioned such a claim. In 1680, the 
Royal Society sent a team to Delft and fully corroborated 
van Leeuwenhoek’s observations. Modern-day 
scientists have confirmed van Leeuwenhoek’s findings, 
even using some of his surviving microscopes (3).

In September 1683, van Leeuwenhoek reported to 
the Royal Society what he had seen in plaque from a 
healthy person’s mouth:

With great wonder, that, in the said matter 
there were many very little living animalcules 
very prettily a-moving. The biggest sort had 
the shape of [a rod]: these had a very strong 
and swift motion and shot through the water 
like a pike does through water. These were 
most always few in number. The second sort 
had the shape of [a small rod]. These often 
spun round like a top, and every now and 
then took a [spiral] course and were far more 
in number (3).

These words are the first known descriptions 
of bacteria. For 40 more years, he continued his 
correspondence with the Royal Society that published 
his letters, making him well known in Europe.

van Leeuwenhoek’s simple microscopes 
produced wondrous images but were exceedingly 
difficult to use. The instrument was ≈3 inches (7.5 cm) 
long, consisting of 2 metal plates, a lens placed in a 
hole made in the plates, and, on one side, a small metal 
pointer on which the specimen was held. The user 
would look through the opposite side of the device 
with a light source behind the specimen. The focal 
length of the lens was so short that the user needed to 
place an eye so close to the lens that the eyeball was 
nearly touching it. van Leeuwenhoek also kept his 
methods of producing the lenses secret, never teaching 
them to anyone. He had a businessman’s mind and 
wanted to keep trade secrets on his microscope’s lens 
formation and use. As he wrote to the Royal Society:

My method for seeing the very smallest 
animalcules and minute eels, I do not 
impart to others; nor how to see very many 
animalcules at one time. That I keep for 
myself alone (3).

Whereas a new world of microorganisms had 
been revealed, van Leeuwenhoek did not make any 
connection between the microorganisms and disease. 
The bacteria that van Leeuwenhoek observed were in 
humans who were not ill. No one else in the scientific 
and medical communities of the time made any 
connection to microorganisms as pathogens either. 
Until the seat of disease was reassessed from a change 
in the balance of humors to our modern medical 
pathophysiologic approach, the existence of such 
microorganisms was only a curiosity of nature (4). 

Despite van Leeuwenhoek’s technical advance, 
the cumbersome instruments he created were difficult 
to use. van Leeuwenhoek’s secrecy in fashioning 
lenses added to the limited use of microscopes for 
more than a century. Simple microscopes would 
eventually yield to compound microscopes when 
technical problems such as chromatic aberration were 
solved in the 19th Century. However, the limited 
interest in microscopy in the 17th and 18th Centuries 
cannot diminish van Leeuwenhoek’s pioneering 
contributions that fundamentally changed the way 
we think of the living world.
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The sexually transmitted pathogen Neisseria gonor-
rhoeae can circulate from mucosal tissue at sites 

of exposure to other locations in the body, causing 
disseminated gonococcal infection (DGI) (1). In 2024, 
the Minnesota (USA) Department of Health initiated 
whole-genome sequencing (WGS) analysis of isolates 
from all DGI cases in the state (2). This article expands 
upon our previous study from 2024 (2).

In 2025, cases of DGI in Minnesota continued to 
occur at an elevated incidence rate compared with the 
2020–2023 baseline. Minnesota state reporting rules re-
quire N. gonorrhoeae specimens from normally sterile 
sites to be submitted to the state public health laborato-
ry. Analysis of those cases and linked specimens is con-
sidered enhanced surveillance and therefore deemed 
exempt from Institutional Review Board approval.

We performed WGS using the Illumina MiSeq, 
NextSeq, or MiSeq i100 platforms (https://www.illu-
mina.com) and performed molecular epidemiologic 
analyses as previously described (2). Our genomic 
investigation showed that a new multilocus sequence 

type (ST), ST16676, emerged during the summer 
of 2025 (3,4). During June–September 2025, we se-
quenced 14 isolates from DGI cases whose genomes 
were assigned to ST16676. All 14 genomes encoded a 
porB1a allele, the tetracycline resistance gene tet(M), 
the extended spectrum β-lactamase gene blaTEM, a Type 
XIV nonmosaic penA allele, and a gonococcal genetic 
island sequence (Figure 1; Appendix Table, Figure 
1, https://wwwnc.cdc.gov/EID/article/32/6/26-
0126-App1.pdf) (3–6). Those genomes did not match 
any documented N. gonorrhoeae sequence type by 
antimicrobial resistance profiles (5). Long-read se-
quencing (Oxford Nanopore Technologies, https://
nanoporetech.com) of 4 ST16676 isolates consistently 
resolved the acquired tet(M) and blaTEM genes on sep-
arate plasmid sequences of 42kb and 5.6kb and the 
porB1a allele on the bacterial chromosome.

In October 2025, we performed a global compari-
son of those genomes to others in the National Center 
for Biotechnology Information Pathogen Detection da-
tabase (https://www.ncbi.nlm.nih.gov/pathogens). 
That comparison grouped the genomes into a cluster 
(PDS000214546.4) with 12 other genomes (Appen-
dix Figure 2). Analysis of those 26 genomes using the 
Dryad version 3.0 pipeline showed that the Minnesota 
DGI genomes ranged in genetic similarity to each other 
by 0–62 (median 6) single-nucleotide polymorphisms 
(SNPs) and to the other 12 genomes by 215–320 (medi-
an 248) SNPs (Figure 2) (Dryad, https://github.com/
wslh-bio/dryad). An iterative time-scaled phylody-
namic analysis of those genomes showed that 28 of 32 
iterations converged at early May 2025, weeks before 
the first case-patient sought care, as an estimated time 
of a most recent common ancestor for all 14 Minnesota 
genomes (Appendix) (7).

Epidemiologists completed investigations of 
ST16676 DGI cases on the basis of findings from 
genomic surveillance. Of the 13 ST16676-infected 
case-patients interviewed, 12 (92.3%) resided within 
the Minneapolis-St. Paul-Bloomington metropoli-
tan area; 11 (84.6%) were male and 2 (15.5%) female, 
and 9 (69.2%) were 15–44 years of age. Seven (53.8%) 
case-patients reported anonymous sexual encounters 
with multiple partners, 3 (23.1%) of whom reported 
substance use while doing so. Two (15.4%) reported 
having used doxycycline postexposure prophylaxis. 
Nine (69.2%) case-patients reported previous sexu-
ally transmitted infections; 4 (44.4%) reported gon-
orrhea and 5 (55.5%) reported HIV. Epidemiologic 
investigation confirmed a direct link between 2 cases 
whose isolates’ genomes were genetically identical 
at 0 SNPs. The 14th case-patient, who refused inter-
views, had an isolate that was identical at 0 SNPs 
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We summarize an outbreak investigation of Neisseria 
gonorrhoeae sequence type 16676 associated with dis-
seminated gonococcal infections in Minnesota, USA, in 
2025. This strain emerged rapidly, carried a plasmid with 
a tetracycline resistance gene, and encoded a porB1a al-
lele. Prospective genomic surveillance enabled detection 
and epidemiologic investigation of this outbreak.
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to the 2 directly linked isolates, lived in an adjacent 
state, and received care for the infection in Minnesota.

Antimicrobial susceptibility test results were avail-
able in medical records of 10 (71.4%) of the 14 ST16676-
infected patients. Consistent with results from N. gon-
orrhoeae sequence type by antimicrobial resistance and 
AMRFinderPlus analyses (5,6), all 10 isolates showed 
phenotypic resistance to tetracycline and ciprofloxacin 
and phenotypic susceptibility to ceftriaxone.

Prospective WGS detected the emergence of a 
tetracycline-resistant strain of N. gonorrhoeae that re-
placed the predominant DGI-associated strain from 
the previous year. The sudden emergence of a DGI-
associated strain that carries both a porB1a allele (8) 
and a tetracycline resistance gene on a mobilizable 
plasmid poses epidemiologic concern, given the use 
of doxycycline postexposure prophylaxis to reduce 
potential illness and subsequent transmission risk 

Figure 1. Midpoint-rooted phylogenetic tree constructed from an alignment of 1,626 core genes shared by 50 genomes of Neisseria 
gonorrhoeae isolates from study of outbreak of N. gonorrhoeae ST16676 among disseminated infections, Minnesota, USA, 2025. 
Annotations denote calendar year of specimen collection, N. gonorrhoeae sequence type by antimicrobial resistance (determined by 
using NG-STAR, https://ngstar.canada.ca), porB allele type, and presence of a GGI. Clades of genomes assigned to ST16676 and 
ST11184 are labeled on the tree. Scale bar represents substitutions per site. Figure was constructed using ITOL software (https://itol.
embl.de). GGI, gonococcal genetic island; ST, sequence type.
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of gonorrhea (9). In addition, the presence of 2 anti-
microbial resistance genes on separately mobilizable 
plasmids highlights the importance of monitoring 
horizontal gene transfer in genomic surveillance of 
N. gonorrhoeae.

Our findings highlight the importance of DGI sur-
veillance and the value of genomic surveillance for sex-
ually transmitted infections. Prompt case investigations 
spurred by genomic analysis enabled epidemiologists 

to identify a direct link between DGI cases and notify a 
neighboring state health agency of transmission. Phylo-
dynamic approaches also yielded insights into rates at 
which DGI-associated strains can emerge by estimating 
a timeline of weeks to months between the estimated 
time of a most recent common ancestor of a strain and 
the time at which infected case-patients sought care at 
healthcare facilities. Continuing prospective genomic 
surveillance, including performing large-scale studies 

Figure 2. Reference-based pairwise single-nucleotide polymorphism (SNP) matrix of 26 Neisseria gonorrhoeae sequence type 16676 
infections from study of outbreak of N. gonorrhoeae sequence type 16676 among disseminated infections, Minnesota, USA, 2025. Genomes 
numbered 1–14 (red) are from Minnesota disseminated gonococcal infection isolates in 2025. Genomes numbered 15–26 (blue) represent the 
other genomes grouped in the same National Center for Biotechnology Information Pathogen Detection cluster (PDS000214546.4.) in October 
2025. SNP calls were clustered and displayed using Morpheus software (https://software.broadinstitute.org/morpheus). SNP calls <20 are 
highlighted in grayscale. Genome number 7 was used as an internal reference for calling SNPs with the Dryad version 3.0 pipeline (7).
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of the evolution of DGI-causing N. gonorrhoeae strains, 
will help the field more thoroughly understand and in-
tervene against this public health threat.
This article was preprinted at https://doi.org/10.64898/20
26.01.09.26343522.
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We report a case of Cutibacterium avidum bacte-
ria isolated from breast tissue in a 48-year-old 

woman with a diagnosis of left breast triple-negative 
carcinoma and a prior history of breast augmentation 
by free silicone injections to bilateral breasts. Twenty 
years before, the patient received multiple series of 
non–Food and Drug Association-approved silicone 
injections administered to bilateral breast tissue in 
all anatomic planes at an unidentified center in a for-
eign country. She underwent left endoscopic nipple-
sparing mastectomy with pedicled transverse rectus 
abdominis myocutaneous flap reconstruction and 
contralateral reduction mammoplasty with free nipple 
graft. Prior research from our institution details those 
reconstructive techniques (1,2). Intraoperatively, we 
discovered multiple loculated lesions of varied size 
and consistency during dissection, confirming a diag-
nosis of siliconomas (Figure). Because of the extensive 
presence of lesions in both breasts, we sent tissue from 
the siliconomas for histopathology and conducted cul-
ture analysis, including Gram stain, aerobic, anaerobic, 
acid-fast bacilli, and fungal cultures, which confirmed 
the unusual presence of C. avidum bacteria. We then 
consulted an infectious disease specialist and, thereaf-
ter, placed the patient on a regimen of oral clindamycin 
300 mg twice daily for 10 days as per standard sen-
sitivity reports. While on that antibiotic regimen, the 
patient recovered without any complications.

Cutibacterium species (particularly C. acnes) are 
well recognized in breast implant infections and  

capsular contracture; however, our case demonstrat-
ed the colonization of this bacterial species in free sili-
con injection. C. avidum following reduction mammo-
plasty has been reported (3), and more recently has 
been reported in cosmetic breast implant augmenta-
tion, where the bacterium displayed true pathogenic 
behavior rather than acting as simply a contaminant 
(4). Other reports investigating infections relevant to 
aesthetic surgery have emphasized the pathogen’s 
association with foreign material and surgical ma-
nipulation, underscoring that C. avidum cannot be 
dismissed as a benign commensal (5,6).

Chronic siliconomas emerge as a result of a 
long-standing foreign-body environment. Our case 
suggests that siliconomas might harbor anaerobic 
pathogens similar to those harbored by implants or 
prostheses. Our findings are novel in that they sug-
gest an extension of the clinical spectrum of C. avi-
dum bacteria to silicone-injected breasts, a scenario 
distinct from conventional implant-based infections. 
Infection is an independent risk factor for flap fail-
ure (7,8), and contributes to delayed healing, flap  
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We isolated Cutibacterium avidum bacteria from remanant 
siliconomas noted during left mastectomy with reconstruc-
tion and right breast reduction in a 48-year-old woman 
with prior history of silicon injections. Chronic siliconomas 
can support anaerobic colonization, posing infection risks 
relevant to reconstructive and oncologic timelines.

Figure. Intraoperative image from a case report of Cutibacterium 
avidum in post-mastectomy breast with prior silicone injections, 
Singapore. Image taken during an ongoing right breast reduction, 
depicting multiple loculations of foreign body embedded in the 
breast tissue.



compromise, and partial or total necrosis. Even low-
grade infection can increase the risk for flap failure 
through inflammatory microthrombosis and im-
paired perfusion. Expedited healing is important in 
patients undergoing breast reconstruction to facili-
tate adjuvant chemotherapy or radiotherapy and im-
prove overall survival (9). Therefore, C. avidum bacte-
ria isolated from an operative field with established 
pathogenic potential in implant-associated infections 
should be regarded with appropriate diligence and 
treated irrespective of the clinical symptoms.

We highlight this case to alert surgeons that C. 
avidum bacteria is clinically relevant in patients with 
silicone injections or foreign material in breast tissue, 
especially as they maneuver through the course of 
concomitant reconstructive procedures. Awareness 
may influence interpretation of intraoperative cul-
tures, antimicrobial selection, and management of 
late or indolent infections in this unique subgroup. 
In the setting of a free flap reconstruction, it is pru-
dent to treat C. avidum formally with a course of anti-
microbial drugs rather than risk an infection-related 
flap death.
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Carbapenem-resistant Enterobacterales (CRE) are 
an urgent public health threat. In 2022, an esti-

mated 13,387 CRE infections occurred among hos-
pitalized patients in the United States (1). Different 
mechanisms may contribute to carbapenem resis-
tance, but carbapenemase-producing CRE (CP-CRE) 

are of particular concern. Carbapenemase genes con-
fer broad resistance to β-lactam antimicrobial drugs 
and are often located on mobile genetic elements, 
enabling them to spread between bacterial species. 
Metallo-β-lactamases (MBLs), including New Delhi 
metallo-β-lactamase (NDM)–producing CRE, are es-
pecially problematic because few antimicrobial drugs 
have activity against them (2). We report an increase 
in blaNDM among CP-CRE collected through the Cen-
ters for Disease Control and Prevention’s Emerging 
Infections Program (EIP) Multi-site Gram-negative 
Surveillance Initiative.

The EIP Multi-site Gram-negative Surveillance 
Initiative conducts active, population- and laboratory-
based surveillance of CRE (3–5). During 2016–2023, a 
total of 10 EIP sites participated in surveillance for car-
bapenem-resistant Enterobacter cloacae complex, Esch-
erichia coli, and Klebsiella species (K. pneumoniae, K. oxy-
toca, and K. aerogenes) in isolates from a usually sterile 
site or from urine. Each site submitted a convenience 
sample of isolates to the Centers for Disease Control 
and Prevention for testing, including in-house refer-
ence broth microdilution incorporating an MBL screen, 
species identification, and real-time PCR for carbapen-
emase genes (3). We tested all isolates for blaKPC, blaNDM, 
and blaOXA-48-like genes; we also tested isolates with a posi-
tive MBL screen for blaVIM and blaIMP (4). We defined CP-
CRE as isolates positive for a carbapenemase gene by 
real-time PCR and resistant to ertapenem, imipenem, 
or meropenem as determined by broth microdilution 
and Clinical and Laboratory Standards Institute break-
points (Appendix Table, https://wwwnc.cdc.gov/
EID/article/32/6/25-1404-App1.pdf) (6). Using the  
Pearson χ2 test, we compared the percentages of blaNDM 
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We report an increase of blaNDM among carbapenemase-
producing, carbapenem-resistant Enterobacterales col-
lected in the United States through the Emerging Infections 
Program’s Multi-site Gram-negative Surveillance Initiative. 
Among 1,288 isolates identified, the percentage harboring 
blaNDM increased from 5.4% in 2016 to 39.8% in 2023.
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1HAIC MuGSI Working Group members are listed at the end of this article.

Figure. Percentage of 
carbapenemase genes 
detected by real-time PCR 
among 1,288 CP-CRE 
chosen for a study analyzing 
an increase in blaNDM among 
carbapenemase-producing, 
carbapenem-resistant 
Enterobacterales, United 
States, 2016–2023. IMP, 
imipenemase; KPC, Klebsiella 
pneumoniae carbapenemase; 
OXA-48, oxacillinase; NDM, 
New Delhi metallo-β-lactamase; 
VIM, Verona integron-encoded 
metallo-β-lactamase.



among CP-CRE collected in 2016 and 2023. Annual re-
ports with epidemiologic, clinical, and laboratory data 
are available online (5).

Among 1,288 CP-CRE identified, blaKPC was the 
most common carbapenemase gene detected among 
all confirmed CP-CRE during 2016–2023 (72.7%, 937 
isolates), followed by blaNDM (20.6%, 265 isolates), 
blaOXA-48-like (7.5%, 96 isolates), blaIMP (0.6%, 8 isolates), 
and blaVIM (0.5%, 7 isolates) (Figure); 25 (1.9%) isolates 
harbored >1 carbapenemase gene (Appendix Table). 
The percentage of blaNDM isolates increased from 5.4% 
in 2016 (n = 6) to 39.8% in 2023 (n = 99) (p<0.00001). 
Conversely, blaKPC decreased from 92.8% in 2016 (n = 
103) to 53.0% in 2023 (n = 132) (p<0.00001) (Figure). 
Again comparing 2016 and 2023, we observed an in-
crease in blaNDM among E. coli (1.8% to 22.8%), Klebsi-
ella spp. (3.6% to 11.6%), and E. cloacae complex (0.6% 
to 5.2%) (Table). NDM-producing Enterobacterales 
were more resistant to β-lactam combination agents 
than were K. pneumoniae carbapenemase–producing 
Enterobacterales (Appendix Table).

We report a notable shift in the type of car-
bapenemase genes among a convenience sample of 
1,288 CP-CRE collected in the United States during 
2016–2023. Although blaKPC remained the most com-
mon carbapenemase gene, we observed a decrease 
in the proportion of blaKPC coupled with an increase 
in blaNDM. This shift was most striking among E. coli, 
with blaNDM representing 73% of all carbapenemase-
producing E. coli in 2023; in contrast, we observed 
blaNDM among only 14.3% of carbapenemase-produc-
ing E. coli in 2016.

The increase of blaNDM is alarming given that 
NDM-producing CRE are more resistant than other 
CRE isolates (7). Furthermore, newer β-lactam combi-
nation agents, including ceftazidime-avibactam, me-
ropenem-vaborbactam, and imipenem-relebactam, 
are ineffective against MBL enzymes, and treatment 
options are limited (2,8). Aztreonam/avibactam and 
cefiderocol have demonstrated in vitro efficacy, but 
resistance has also been reported (7).

Our study is limited because it is based on a con-
venience sample of isolates from population-based 
surveillance and might be affected by sampling bias. 
We collected isolates from 10 EIP sites and national 
trends may not be extrapolated based on these data. 
This study is not able to determine whether there are 
changes in the incidence of NDM-producing CRE, 
however, our findings align with recent reports of ris-
ing NDM-positive CRE in New York City and among 
the Antimicrobial Resistance Laboratory Network 
(9,10). Whole-genome sequencing analysis is needed 
to determine gene variants and whether increases are 
driven by specific sequence types.

In conclusion, we report a concerning increase 
in blaNDM among a convenience sample of CP-CRE 
collected across 10 EIP sites in the United States. 
Further investigation is needed to assess if this is 
a nationwide trend, to analyze epidemiologic data 
comparing characteristics of patients infected with 
blaNDM-CRE and those with blaKPC, and to exam-
ine whole-genome sequencing data to determine 
if the observed increase is related to clonal expan-
sion. Our findings should alert clinicians to the in-
crease in blaNDM and encourage mechanism testing in  
clinical laboratories.
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Table. Frequency of blaNDM by species from study investigating increase in blaNDM among CP-CRE, United States, 2016–2023* 

Year 
Total no. CP-
CRE isolates 

No. (%) isolates 
All blaNDM† Escherichia coli Klebsiella spp. Enterobacter cloacae complex  

2016 111 6 (5.4) 2 (1.8) 4 (3.6) 0 
2017 149 9 (6.0) 5 (3.4) 4 (2.7) 0 
2018 166 12 (7.2) 6 (3.6) 5 (3.0) 1 (0.6) 
2019 145 24 (16.6) 13 (9.0) 9 (6.2) 2 (1.4) 
2020 134 22 (16.4) 13 (9.7) 6 (4.5) 3 (2.2) 
2021 153 32 (20.9) 17 (11.1) 10 (6.5) 5 (3.3) 
2022 181 61 (33.7) 27 (14.9) 23 (12.7) 11 (6.1) 
2023 249 99 (39.8) 57 (22.9) 29 (11.6) 13 (5.2) 
Total 1288 265 (20.6) 140 (10.9) 90 (7.0) 35 (2.7) 
*Data are updated for accuracy and may differ from online reports (accessed 2025 Aug 19) (5). CP-CRE, carbapenemase-producing, carbapenem-
resistant Enterobacterales. 
†Includes isolates carrying blaNDM (n = 245), dual mechanism blaNDM+blaOXA-48 (n = 17), and blaNDM+blaKPC (n = 3). 
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EIN LETTER

Correction: Vol. 32, No. 5
A description of the mortality rate among cranes was unclear in Highly Pathogenic Avian Influenza 

A(H5N1) Clade 2.3.4.4b Virus and Mass Mortality in Eurasian Cranes, Germany, 2025 (A. Günther). The 
article has been corrected online (https://wwwnc.cdc.gov/eid/article/32/5/26-0170_article).
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Dangerous Miracle: The  
Astonishing Rise and Looming 
Disaster of Antibiotics
Liam Shaw; Simon & Shuster, New York, New York, 
USA, 2023; ISBN-13: 9781668023631; Pages: 352; 
Price: US$30.00

It is easy to forget that the first 
antibiotic was discovered mere-

ly 100 years ago, yet its impact on 
medicine has been profound. In 
Dangerous Miracle: The Aston-
ishing Rise and Looming Disaster 
of Antibiotics, University of Bris-
tol evolutionary biologist Liam 
Shaw traces the rapid arc from 
discovery of the first antibacte-
rial agents to the present-day cri-
sis of ever-worsening antimicrobial resistance. Written 
for a general audience, the book weaves a highly read-
able journey through the science behind antibiotic de-
velopment while situating their rise and decline within  
broader historical, political, and economic contexts.

Dangerous Miracle begins with the develop-
ment of Prontosil, the first clinically useful sul-
fonamide, tracing its origins to the European dye 
industry. This account illustrates how advances in 
industrial chemistry unexpectedly intersected with 
medical therapeutics, ushering in the antimicro-
bial era. Shaw then turns to penicillin, describing  
Alexander Fleming’s observation of mold-mediat-
ed inhibition of Staphylococcus aureus and the her-
culean efforts required to translate this discovery 
into a widely available drug. He emphasizes that 
penicillin’s success depended on extensive multi-
national collaboration, particularly during World 
War II, when large-scale production became a stra-
tegic priority.

The author deftly chronicles the labor-intensive 
process of antibiotic discovery, including systematic 
screening of soil organisms for antimicrobial activity. 
He adds drama by highlighting disputes over scien-
tific achievements and providing recognition for un-
derappreciated contributors, such as Albert Schatz’s 
discovery of streptomycin. The discussion of strepto-
mycin and isoniazid is enhanced by a personal nar-
rative involving the author’s grandfather’s protract-
ed bout with tuberculosis, which contextualizes the  

dramatic change these drugs brought to the treatment 
of a previously fatal disease.

The later portions of the book shift toward the struc-
tural and economic forces shaping contemporary anti-
microbial development. Shaw argues that antibiotics 
are exploited in a manner similar to fossil fuels. Factors 
such as the consolidation of pharmaceutical research 
within large multinational companies and robust patent 
protection laws have contributed to a decline in antibi-
otic innovation. He situates those trends alongside the 
problems created by the emergence of first methicillin-
resistant Staphylococcus aureus and then carbapenem-
resistant Enterobacterales, framing resistance as both a 
microbiologic and systems-level problem.

In the final chapters, Dangerous Miracle examines 
the economic paradox of antibiotics: expensive to de-
velop yet intended for short courses and judicious use, 
often constrained by antimicrobial stewardship pro-
grams. Limited space is devoted to potential solutions, 
but Shaw does advocate for several policy responses, 
including subscription-based reimbursement models 
that decouple profitability from sales volume and in-
ternational public–private partnerships designed to 
support antimicrobial research and development. Al-
though such proposals are discussed at a high level, 
the book offers limited evaluation of their feasibility or 
early outcomes.

Overall, Dangerous Miracle provides a balanced, 
chronological overview of the history of antibiotic 
discovery and the challenges posed by antimicrobial 
resistance. Its strengths lie in historical narrative and 
accessibility, rather than detailed policy analysis. This 
book will be of interest to clinicians, microbiologists, 
and public health experts seeking an overarching ac-
count of how one of medicine’s greatest successes has 
evolved into one of its most pressing global threats, 
and it serves as a call to action to reexamine how we 
invest in and regulate antimicrobials.
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Myriad, Microscopic and  
Marvelous: The World of  
Antoni van Leeuwenhoek
Geertje Dekkers; Translated by Andy Brown; Reaktion 
Books Ltd., London, United Kingdom, 2025; ISBN-
13: 9781836390978; Pages 240; Price: US$30.00 
(hardcover and ebook)

In Myriad, Microscopic and 
Marvellous: The World of An-

toni van Leeuwenhoek, Dutch 
historian and journalist Geertje 
Dekkers invites readers to exam-
ine the life of the “father of mi-
crobiology,” Antoni (sometimes 
spelled Antony or Antonie) 
van Leeuwenhoek (1632–1723), 
and the rudimentary practices 
by which he observed, theo-
rized, and reported on plants, “little animals” (now 
known to be microorganisms), spermatozoa, and 
other specimens in the 17th and 18th Centuries. Al-
though Dekkers contextualizes some of van Leeu-
wenhoek’s work with contemporary knowledge, 
the book primarily describes his atypical entry into 
scientific research, his motivations for conducting re-
search, and his interactions with the broader scientific 
community. The author grounds readers in thorough 
historical background, citing several research letters 
written by van Leeuwenhoek (among other sources), 
but provides space for readers to speculate on what 
van Leeuwenhoek observed, how he felt, and how his 
environment shaped his work. In doing so, Dekkers 
situates readers in a largely unfamiliar world, one in 
which the concepts and vocabulary to describe uni-
cellular organisms had not yet emerged.

Van Leeuwenhoek spent most of his life in Delft, 
Dutch Republic, where he worked first as a textile 
merchant and later as a municipal civil servant. De-
spite lacking academic training, he began conducting 
microscopy research, driven by personal curiosity 
and the work of other scientists. Although unrec-
ognizable by modern standards, the microscopes 
van Leeuwenhoek made were superior to those 
made by others, capable of greater magnification 
and clarity because of their single-lens construction.  

That advantage enabled him to make more accurate 
and detailed observations of his specimens, which 
were the underpinning of his scientific legacy. In 
1673, van Leeuwenhoek’s early work was sent to 
the Royal Society of England and published in the 
society’s official journal, Philosophical Transactions. 
He continued publishing research in the journal un-
til his death in 1723, including the first descriptions 
of microorganisms, although he did not know what 
they were. Dekkers emphasizes that van Leeuwen-
hoek “had no notion of the composition of the crea-
tures, how they lived, and the impact they had on 
their environments… They were interesting to look 
at, but that was all.” He was elected a fellow to the 
Society in 1680.

The book elicits the comparison of the scientific 
process from van Leeuwenhoek’s era to today. Van 
Leeuwenhoek, an untrained person driven by often 
misguided theories, used homemade contraptions 
to look at (at the time) incomprehensibly small crea-
tures with limited reproducibility. Yet his research 
was widely recognized, and his observations revolu-
tionized the field of biology. Could someone like van 
Leeuwenhoek succeed today? Historical successes 
such as van Leeuwenhoek’s raise questions about 
whether a self-driven, self-taught citizen scientist 
could achieve such revolutionary success in today’s 
research landscape.

Ultimately, readers can expect to gain a better un-
derstanding of both van Leeuwenhoek’s legacy and 
the nature of scientific inquiry itself. Dekkers draws 
readers into van Leeuwenhoek’s world in an engag-
ing and accessible biographical narrative, featuring 
58 illustrations drawn by van Leeuwenhoek and oth-
ers. Readers need no technical knowledge to under-
stand its content, but those with research experience 
may have greater appreciation for the unstructured 
environment in which he worked.
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Jan Vermeer’s The Geographer, featured on  
the cover of this issue, is widely considered to 

be a pendant of The Astronomer, thematically simi-
lar and intended to be displayed together. EID 
featured The Astronomer on the cover of its Janu-
ary 2004 issue, with an accompanying essay by the 
journal’s esteemed Founding Managing Editor, 
Polyxeni Potter. An extensive background in art 
history coupled with her insightful writing have 

contributed to EID’s current reputation for its sig-
nature artwork.

In her essay, Potter noted that Vermeer is of-
ten linked to Antonie van Leeuwenhoek (sometimes 
spelled Antoni or Anthony), whose portrait was fea-
tured in EID’s January 2024 cover essay by Byron Breed-
love. Van Leeuwenhoek was a Dutch inventor who dis-
covered through his microscope the cellular nature of 
spermatozoa and bacteria and was skilled in navigation, 
astronomy, and mathematics. There is also speculation 
that he was the model for the subject of both paintings.

This irresistible notion that Vermeer and van 
Leeuwenhoek were connected in some way continues 

Johannes [Jan] Vermeer (1632–1675), The Geographer, 1668–1669 (detail). Oil on canvas. 53 cm × 46.5 cm (20.9 in × 18.3 in).  
Städel Museum, Frankfurt am Main, Germany. https://www.johannesvermeer.org.
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today and, considering their backgrounds, it is hard 
to believe they would not have known each other. 
Born only a few days apart in Delft in October 1632 
and baptized in the same church, they lived within 
a few minutes’ walk of each other. Delft was not so 
large a town that its most famous artists and scientists 
would be unknown to each other. The two men had 
friends in common, including Constantijn Huygens, 
an influential diplomat, artist, and poet who pos-
sessed a keen interest in microscopy and the natural 
sciences. From the windows of City Hall, where van 
Leeuwenhoek worked as a city official, one could see 
the front of Mechelen Inn, the tavern Vermeer owned.

Fortunate to live and work during a period re-
ferred to as the Dutch Golden Age, Vermeer and van 
Leeuwenhoek embraced the mindset of that time—
one of scientific exploration and discovery. Their in-
terests in optics and light are reflected in their work. 
Vermeer’s The Geographer is a carefully composed 
allegorical image of scientific progress. It includes a 
host of objects that emphasize not only the focus on 
scientific exploration but also specific Dutch contribu-
tions. The map on the wall is so precisely detailed that 
it can be identified: it is one of the Pascaarten, printed 
by Willem Janszoon Blaeu in Amsterdam in the early 
17th Century. The globe is also an acknowledgment 
of Dutch scientific achievement: it’s a model of one 
made in 1600 by Flemish engraver and cartographer 

Jodocus Hondius the Elder in Amsterdam. He sold the 
globe together with its celestial counterpart, featured 
in Vermeer’s The Astronomer. The pair of globes forms 
a cosmological whole, unifying heaven and earth. 
The geographer’s globe is also turned to show the In-
dian Ocean, the route used by ships of the Dutch East 
India Company. The youth and energy of the scholar 
in both paintings convey the excitement of the times. 
The geographer seems to be on the brink of an insight, 
holding a divider while referencing a scholarly text, 
his face illuminated by the light through the window.

Like Vermeer, van Leeuwenhoek was fascinated 
by light, and his interest in optics led to his experi-
ments in lenses to improve clarity and magnification. 
van Leeuwenhoek learned glass-blowing techniques 
and used them to make numerous lenses that could 
magnify 500 times, enabling him to visualize bacteria. 
He did not share the techniques he used, and what 
was a mystery then is still a mystery today, but his 
lenses were far superior to others made during that 
time. Versions of a microscope appeared as early as 
1595, but van Leeuwenhoek refined it in devising a 
high-powered microscope that magnified 200–500 
times, far greater than any previous microscope. 
Through his high-powered microscope, he made 
a host of discoveries: “animalcules” (tiny animals) 
swimming in a drop of pond water, blood cells, bac-
teria, free-living and parasitic microscopic protists, 

ABOUT THE COVER

Figure. Cornelis de Man, 
Anatomic lesson of Cornelis 
van’s-Gravensande, 1681. Oil 
on canvas. 173.0 × 212.0 cm 
(68.1 in × 83.5 in). Collection of 
the Museum Prinsenhof Delft, 
Delft, the Netherlands. Gift of 
the Reinier de Graaf Groep; 
photograph by Tom Haartsen.
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sperm cells, microscopic nematodes and rotifers, and 
more. His discoveries opened a new world of micro-
scopic life to scientists.

Recognizing how these visionary men of Delft con-
tributed to the Dutch Golden Age, it’s tempting to con-
nect them, and many scholars have done so, suggesting 
that they knew each other and even influenced each 
other’s work. The speculation that van Leeuwenhoek 
was the model for the young man in both The Astrono-
mer and The Geographer is difficult to prove, however; 
the scholar in Vermeer’s paintings bears little resem-
blance to the portrait of van Leeuwenhoek painted by 
Jan Verkolje in 1686 (see page 1019). van Leeuwenhoek 
is also one of the figures in the 1681 painting Anatomic 
lesson of Cornelis van’s-Gravensande by Cornelis de Man 
(Figure). He sat for the group portrait for the surgeon’s 
guild at the age of 49 and is featured near the top left 
of the painting. The resemblance is clear in those two 
paintings, but it is arguable whether they resemble the 
young man featured in Vermeer’s works.

In fact, the only solid evidence linking both men 
is a legal one: van Leeuwenhoek was appointed as ex-
ecutor of Vermeer’s estate after the artist’s early death 
at the age of 43. That fact suggests a connection, but the 
appointment does not mean that the men knew each 
other personally; curator duties were part of van Leeu-
wenhoek’s job with the magistrate’s court, and the 
Vermeer case was the fifth of about 10 known cases. 
If the two men did have a relationship or friendship, 
it is hard to see in van Leeuwenhoek’s treatment of 
Vermeer’s widow, Catharina Bolnes, in the dispensa-
tion of the estate. As art historian Gary Schwartz notes, 
“The curator of an estate has permissible options that 
can benefit the heirs to a bankrupt estate. Van Leeu-
wenhoek did not employ them.” Despite Vermeer be-
ing bankrupt at the end of his life, his widow hoped 
to keep The Art of Painting within the family as a me-
mento. van Leeuwenhoek noticed the omission of the 
painting in the home’s inventory and made sure it was 
auctioned off to pay Vermeer’s creditors.

As James Galbraith notes in his blog at the Corn-
ing Museum of Glass, “Until someone in Delft discov-
ers a letter in their attic from Vermeer to van Leeu-
wenhoek or a similarly revealing document comes to 
light, we will never know with certainty whether or 
not the two men knew each other.” Even so, a rela-
tionship between the two men need not be romanti-
cized to appreciate their influence in the city of Delft 
and the lasting contributions they made to art and 
science. The tantalizing question of their connection, 
even to this day, is a testament to their legacy and 
to the enduring esteem both men have in the public 
imagination. This issue’s theme on bacterial infections  

and their treatment includes more information on 
van Leeuwenhoek, including a book review of Myr-
iad, Microscopic and Marvelous: The World of Antoni van 
Leeuwenhoek. The articles in this issue highlight that 
we not only see microorganisms more clearly now 
but also understand their role in disease and how to 
treat them when they are human pathogens.
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Article Title
Cerebrospinal Fluid Findings among Patients with Anaplasmosis  
and Central Nervous Involvement, Minnesota and Wisconsin, USA

CME Questions
1. Which of the following statements regarding 
anaplasmosis is most accurate? 
A.	 The incidence rate in the US has been 

increasing 
B.	 Symptoms are generally limited to headache  

and mental status changes 
C.	 Most patients demonstrate leukocytosis 
D.	 Most patients demonstrate thrombocytosis 

2. What was the most common presentation of central 
nervous system infection in the current study? 
A.	 Meningitis 
B.	 Meningoencephalitis 
C.	 Encephalitis 
D.	 No CNS infection 

3. What was the most common finding on CSF 
analysis of patients with anaplasmosis in the 
current study? 
A.	 Reduced glucose 
B.	 Elevated protein 
C.	 Neutrophilic pleocytosis 
D.	 Lymphocytic pleocytosis 

4. Which of the following statements regarding 
outcomes of anaplasmosis in the current study is 
most accurate? 
A.	 No patients required ICU admission 
B.	 The severity of CNS symptoms correlated with 

the degree of CSF pleocytosis 
C.	 Doxycycline was ineffective for the majority  

of patients 
D.	 The benefits of doxycycline appeared directed 

toward improvements in systemic inflammation 
vs. direct activity in the CNS
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