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CDC is pleased to announce the launch of the CDC Yellow Book 2026. The CDC Yellow Book is a resource  
containing the U.S. government’s travel medicine recommendations and has been trusted by the travel medicine 
community for over 50 years. Healthcare professionals can use the print and digital versions to find the most  
up-to-date travel medicine information to better serve their patients’ healthcare needs. 

The CDC Yellow Book is available online now at www.cdc.gov/yellowbook and in print starting in June 2025 
through Oxford University Press and other major online booksellers.

Launch of CDC Yellow Book 2026–  
A Trusted Travel Medicine Resource



Stenotrophomonas maltophilia is a gram-negative 
bacterium found in aqueous environments, 

including hospital water systems. S. maltophilia 
causes opportunistic healthcare-associated infec-
tions that can result in increased illness and death 
among hospitalized patients, especially critically ill 

or immunocompromised patients (1,2). S. maltophil-
ia often leads to respiratory tract infection but can 
also cause bloodstream, intraabdominal, urinary, 
catheter, and implanted device–associated infec-
tions (2,3). The crude mortality rate for S. malto-
philia bloodstream infections (BSIs) ranges from 
14% to 69% (2,4–6). Risk factors for healthcare-as-
sociated S. maltophilia bacteremia include indwell-
ing devices, prior antimicrobial drug therapy, and 
prolonged hospitalization (1,7). Past outbreaks of 
S. maltophilia infections in healthcare settings have 
been attributed to exposure to nonsterile water and 
contaminated medical devices, medications, or pa-
tient care products (8–10). S. maltophilia infections 
are particularly concerning because the bacterium 
is often resistant to multiple classes of antibiotics, 
and treatment options are limited (2,11).

In May 2022, an acute care hospital in California, 
USA, alerted its local public health department about 
2 patients with S. maltophilia BSIs in an intensive care 
unit (ICU). The hospital identified a third case in July 
2022 and reported it to the local health department, 
after which the hospital and local health depart-
ment consulted the California Department of Health 
(CDPH). The hospital infection control team identi-
fied an additional 6 S. maltophilia BSIs during July– 

Stenotrophomonas maltophilia 
Bloodstream Infection Outbreak 

in Acute Care Hospital,  
California, USA, 2022–20231
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Stenotrophomonas maltophilia is an opportunistic bacte-
rial pathogen found in healthcare settings. During May 
2022–September 2023, an acute care hospital in north-
ern California, USA, identified 13 S. maltophilia blood-
stream infections among intensive care unit patients. 
Whole-genome sequencing showed the isolates were 
highly related. We identified risk factors for infection by 
conducting a matched case–control study, targeted as-
sessment of infection prevention and control practices, 
and laboratory testing of suspected environmental res-
ervoirs. Among 13 case-patients and 39 control-patients, 
patients exposed to iodinated contrast (odds ratio [OR] 
12.0; 95% CI 2.1–∞), injectable propofol (OR 12.2; 95% 
CI 1.5–101.4), or fentanyl (OR 9.2; 95% CI 1.8–∞) had 
increased odds of S. maltophilia bloodstream infec-
tion. Although we did not have culture confirmation of 
a source, we suspect S. maltophilia was transmitted by 
exposure to nonsterile water from a common source. We 
recommended infection prevention and control practices 
to reduce risk for contamination from nonsterile water.
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September 2022 at the same ICU. The local health de-
partment and CDPH consulted the Division of Health-
care Quality Promotion (DHQP), National Center for 
Emerging and Zoonotic Infectious Diseases, Centers 
for Disease Control and Prevention (CDC; Atlanta, 
Georgia), on August 22, 2022, for technical assistance, 
including whole-genome sequencing (WGS). WGS 
on 6 available patient isolates showed that all isolates 
were sequence type (ST) 239 and highly related. No 
source for the infections was identified at that time, 
but CDPH and the local health department provid-
ed infection control recommendations to the facility 
during on-site visits in 2022. After a 6-month lapse in 
cases, the facility reported 4 additional S. maltophilia 
BSIs during April–September 2023, and DHQP pro-
vided onsite assistance during August 28–September 
12, 2023. We describe the initial and follow-up inves-
tigations in response to S. maltophilia BSIs.

Methods

Epidemiologic Investigation
We conducted a matched case–control study to de-
termine risk factors for S. maltophilia BSI. We identi-
fied case-patients via S. maltophilia–positive blood 
cultures. After the initial case was identified in May 
2022, we subsequently identified cases by using blood 
and respiratory cultures from hospital inpatients who 
had S. maltophilia isolated. We defined a case-patient 
as a febrile (temperature >38°C) ICU patient with S. 
maltophilia isolated from a blood culture during May 
2022–September 2023.

For each case-patient, we assessed exposures 
during a reference period, which we defined as the 
number of days from hospital admission to index 
specimen collection. The index specimen was the first 
specimen from which S. maltophilia was isolated for 
a given case-patient. We selected 3 control-patients 
for each case-patient by matching the closest hospital 
admission in calendar time and an ICU stay greater 
than or equal to the matched case-patient’s reference 
period.

We abstracted patient information and relevant 
healthcare exposures from electronic medical re-
cords. For case-patients, we abstracted exposures 
during the reference period; for control-patients, we 
abstracted information on the basis of their matched 
case-patient’s reference period. For example, if a case-
patient had 5 days between date of admission and 
date of index specimen collection, we abstracted ex-
posures for 5 days after admission for the matched 
control-patients. Abstracted information included 
demographic characteristics, procedures conducted, 

admission location, medications administered, and 
any indwelling medical devices (e.g., central venous 
catheters or urinary catheters placed during admis-
sion). Clinical and laboratory data collected included 
admission diagnoses and microbiology results. 

This activity was defined by CDC as a public 
health investigation and therefore institutional re-
view board approval was required. This activity was 
reviewed by CDC and was consistent with applicable 
federal law and CDC policy (see e.g., 45 C.F.R. part 
46.102(l)(2), 21 C.F.R. part 56; 42 U.S.C. §241(d); 5 
U.S.C. §552a; 44 U.S.C. §3501 et seq.).

Statistical Analysis
We summarized patient characteristics by using de-
scriptive statistics and used univariate conditional 
logistic regression to estimate the unadjusted odds 
ratio (OR) and 95% CIs for each possible risk factor, 
such as exposure to any imaging and invasive proce-
dures, injectable medications received, and presence 
of indwelling devices. We used exact conditional lo-
gistic regression for characteristics in which all case-
patients or all control-patients had the exposure of 
interest. We performed statistical analysis by using 
SAS version 9.4 (SAS Institute Inc., https://www.sas.
com).

Onsite Infection Control Assessment
During the 2022 and 2023 site visits, we observed 
infection prevention and control (IPC) practices in 
patient care areas where most case-patients received 
care, including the emergency department (ED), 
ICU, ICU step-down unit, and interventional radiol-
ogy (IR) and computed tomography (CT) suites. We 
also observed environmental cleaning and disinfec-
tion practices. In addition to direct observation of IPC 
practices, we conducted informal interviews with 
staff in each department. In 2023, we additionally ob-
served bedside blood draws, trauma patient intake, 
IR and CT procedures, and maintenance of the con-
trast injection system in the CT suite.

The facility conducted a review of case-patient 
hospital stays to assess whether drug diversion oc-
curred. Staff reviewed relevant activity documented 
in the electronic health records and the automated 
medication dispensing systems from the time of ad-
mission through index culture collection for the af-
fected patients.

Environmental Sampling, WGS, and  
Bioinformatic Analysis
We conducted 2 rounds of environmental sampling. 
During August–October 2022, we collected water 
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and swab samples from sink drains and faucets 
from the ED, operating rooms, radiology suites, and 
certain case-patient rooms in the ICU. In Septem-
ber 2023, we collected environmental and product 
samples informed by direct observation and epide-
miologic hypotheses for exposure on the basis of re-
view of preliminary statistical analysis of potential 
risk factors. We also collected samples from the ED 
critical care bay, the CT suite, and the ICU, includ-
ing swabs of sink drains, sponge-wipes used on the 
contrast autoinjector, and first-catch water samples 
from 2 sinks in the ED and both CT suite rooms. We 
obtained samples from the contrast autoinjector in 
each CT room by using a swab and sponge-wipe. We 
also obtained materials used during the autoinjec-
tor’s maintenance for sampling, such as towels used 
to clean the machine.

We evaluated water samples for S. maltophilia 
by concentration with membrane filtration standard 
methods (12). We filtered 10 mL, 100 mL, and 200 mL 
of water through a 0.45-micron pore filter (Pall Cor-
poration, https://www.pall.com) and placed filtered 
samples onto MacConkey agar (MAC; BD Bioscienc-
es, https://www.bdbiosciences.com) or directly into 
30-mL of tryptic soy broth (TSB; Hardy Diagnostics, 
http://www.hardydiagnostics.com). We separated 
sponge-wipes from their handles before process-
ing by using neutralizing buffer (Neogen, https://
www.neogen.com), then homogenized at 200 rpm in 
a Stomacher Circulator 400C (Seward, https://www.
seward.co.uk) in phosphate-buffered saline contain-
ing 0.02% Tween 80. We then removed the sponge 
portion and concentrated the homogenate by cen-
trifugation at 2,700 × g for 20 minutes. We discarded 
most of the supernatant and resuspended the pellet in 
the residual supernatant, which was ≈5 mL. We then 
plated 100 µL of the concentrated eluent onto MAC 
and trypticase soy agar with 5% sheep blood (BAP; 
BD Biosciences) and placed the remaining eluent in 10 
mL of TSB. We placed amies transport media swabs 
directly into 10 mL of TSB. We incubated all broths 
and culture agar plates for 18–24 hours at 35°C. After 
incubation, we plated turbid broth enrichments onto 
MAC and BAP agar and incubated for 18–24 hours 
at 35°C. We screened all plate cultures for suspected 
S. maltophilia. We used MALDI Biotyper (Bruker Dal-
tonics, https://www.bruker.com) matrix-associated 
laser desorption/ionization time-of-flight and CDC’s 
MicrobeNet (https://microbenet.cdc.gov) databases 
to identify suspected S. maltophilia and considered 
scores >2.0 confident for species-level identification.

Of 13 case-patients, 10 (77%) had >1 clinical blood 
isolate with S. maltophilia growth available for WGS. 

We also collected 8 clinical respiratory isolates with S. 
maltophilia growth from non–case-patients for WGS. 
We used Maxwell 16 Cell with Low Elution volume 
DNA Purification Kit, (both Promega, https://www.
promega.com) to extracted DNA from pure isolates 
and subsequently sheared DNA by using the ME200 
Focused-Ultrasonicator (Covaris, https://www.co-
varis.com). We prepared indexed libraries on the 
Zephyr G3 NGS workstation (PerkinElmer https://
www.perkinelmer.com) by using Ovation Ultralow 
System V2 Kit (Tecan Life Sciences, https://life-
sciences.tecan.com) and analyzed on the Fragment 
Analyzer System with Standard Sensitivity NGS 
Fragment Analysis Kit (both Agilent, https://www.
agilent.com). We performed WGS on the MiSeq se-
quencer by using the MiSeq Reagent Kit v2 (Illumina, 
https://www.illumina.com), which generated 2 × 
250 paired-end reads.

We processed raw sequencing reads through 
DHQP’s in-house QuAISAR-H pipeline (https://
github.com/DHQP/QuAISAR_singularity). Spe-
cifically, we processed sequences by using BBDuk 
version 38.90 (https://jgi.doe.gov/data-and-tools/
bbtools) for adaptor and PhiX removal, and fastp 
version 0.20.1 to quality trim sequences (13). We per-
formed de novo assembly of samples by using SPAdes 
version 3.15.0 (14). After assembly, we removed small 
scaffolds (<500 bp). We used the PubMLST database 
and mlst version 2.19 (15) to assign STs. We generated 
maximum-likelihood phylogenetic trees from high-
quality single-nucleotide variant (hqSNV) alignments 
by using SNVPhyl–Nextflow version 1.0.0 to assess 
isolate relatedness (16). We also ran identified clusters 
separately to calculate cluster hqSNV distances and 
core-genome estimates. For all SNVPhyl analyses, 
the reference was the centroid of the isolate set deter-
mined by using mash version 2.0 b (17). We deposited 
sequences in the National Center for Biotechnology 
Information’s Sequence Read Archive (BioProject 
PRJNA288601, BioSample nos. SAMN45204371–413).

Results

Epidemiologic Investigation
We identified 13 case-patients who were hospital-
ized during May 2022–September 2023 (Figure 1); we 
selected 39 control-patients for matching. After the 
initial case was identified in May 2022, blood and re-
spiratory isolates for all hospital inpatients were as-
sessed for S. maltophilia growth; no S. maltophilia BSIs 
were identified in patients outside the ICU. Case-
patients had a lower median age, 45 (IQR 36.0–68.0) 
years, than control-patients, who had a median age of 

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 3, March 2026	 317



SYNOPSIS

64.0 (IQR 60.0–75.0) years (Table 1). The median refer-
ence period was 5 (IQR 3–10) days.

Most (92.3%, 48/52) patients were admitted to 
the ICU from the ED. A larger percentage (76.9%, 
10/13) of case-patients than control-patients (66.7%, 
26/39) were admitted through the critical care bay 
in the ED (Table 2). All 13 case-patients received io-
dinated contrast, either through an IR procedure or 
CT scan, compared with only 64.1% (25/39) control- 

patients. In addition, all 13 case-patients were ex-
posed to injectable fentanyl and 12 (92.3%) were ex-
posed to injectable propofol, but for control-patients, 
only 64.1% (25/39) were exposed to injectable fentan-
yl and 61.5% (24/39) to propofol. Case-patients and 
control-patients had similar rates of antimicrobial 
drug exposure (84.6% [11/13] vs. 82.1% [32/39]).

Statistical Analysis
A conditional logistic regression analysis revealed 
that case status was significantly associated with ex-
posure to iodinated contrast either through CT im-
aging or an IR procedure (OR 12.0 [95% CI 2.1–∞]) 
(Table 2). Case status was also significantly associat-
ed with exposure to injectable fentanyl (OR 9.2 [95% 
CI 1.8–∞]) or propofol (OR 12.2 [95% CI 1.5–101.4]). 
Other risk factors associated with being a case-patient 
included having a bedside procedure (OR 10.2 [95% 
CI 1.1–93.0]) or having an arterial line (OR 4.1 [95% CI 
1.1–16.2]). However, neither of those risk factors had 
>70% exposure among case-patients.

Onsite Infection Control Assessment
We identified opportunities for improved IPC prac-
tices in certain hospital areas, including the CT suite 
and ICU, during our 2022 site visits. We conducted 
additional onsite IPC assessments in July, August, 
and September 2023, in response to identifying  
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Figure 1. Number of cases per month in Stenotrophomonas 
maltophilia bloodstream infection outbreak in acute care hospital, 
California, USA, 2022–2023. Graph includes isolates with whole-
genome sequencing results showing sequence type 239.

 
Table 1. Characteristics of case-patients and control patients in a Stenotrophomonas maltophilia bloodstream infection outbreak in 
acute care hospital, California, USA, 2022–2023* 
Characteristics No. (%) case-patients, n = 13 No. (%) control-patients, n = 39 
Median age, y (IQR)  45 (36.0–68.0) 64.0 (60.0–75.0) 
Sex   
 M 9 (69.2) 27 (69.2) 
 F 4 (30.8) 12 (30.8) 
Race   
 White 5 (46.2) 14 (35.9) 
 Black/African American 2 (15.4) 9 (23.1) 
 Asian 1 (7.7) 8 (20.5) 
 American Indian/Alaska Native 1 (7.7) 0 
 Native Hawaiian or other Pacific Islander 0 2 (5.1) 
 Other 4 (23.1) 6 (15.4) 
Ethnicity   
 Hispanic 3 (23.0) 8 (22.2) 
 Non-Hispanic 10 (77.0) 28 (77.8) 
No. underlying conditions†   
 0 6 (46.2) 9 (23.1) 
 1 6 (46.2) 13 (33.3) 
 2 1 (7.7) 10 (25.6) 
 3 0 4 (10.3) 
 4 0 3 (7.7) 
Admitted to ICU from ED 12 (92.3) 36 (92.3) 
Critical care bay of ED 10 (76.9) 26 (66.7) 
On immunosuppressant treatments 1 (7.7) 3 (7.7) 
Median no. (IQR) days between admission and positive culture 
collection 

5 (3–10) NA 

*ED, emergency department; ICU, intensive care unit; NA, not applicable. 
†Underlying conditions were assessed by using electronic health records and included coronary artery disease, congestive heart failure, diabetes, 
peripheral vascular disease, gastrointestinal disease, liver disease, chronic kidney disease, obesity, cancer, and hypertension. 
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additional case-patients. Interviews with staff re-
vealed that nonsterile tap water was used extensively 
to clean the contrast autoinjector, particularly to clean 
spilled iodinated contrast on and within the autoinjec-
tor. Service records for the CT autoinjectors indicated 
device exposure to tap water in the past, including an 
incident where standing water was discovered within 
one of the devices. We reviewed the manufacturer’s 
instructions for use (IFU), which state, “Do not use 
strong cleaning agents and solvents. Warm water and 
a mild disinfectant are all that are required to clean 
the [...] module” (18). The facility followed the manu-
facturer’s guidelines and, therefore, followed proper 
infection prevention protocols. The facility recom-
mended that, in the CT suite, the staff use sterile wa-
ter and not tap water for cleaning the contrast injec-
tion system to prevent possible contamination of the 
autoinjector with water-associated organisms, such as 
S. maltophilia, even though the use of warm tap water 
is allowed for cleaning per the manufacturer’s IFU.

In reviewing case-patient hospital stays to as-
sess for drug diversion, the facility’s drug diversion 
committee did not find any evidence of drug diver-
sion. The committee reviewed case-patient electronic 
health records and the automated medication dis-
pensing systems from the time of admission through 
the culture collection for the affected patients and 
found no staff commonalities that would suggest 
drug diversion.

Environmental Sampling, WGS, and  
Bioinformatic Analysis
Environmental samples from the CT autoinjectors 
and ICU patient room sink yielded no growth for any 
gram-negative organisms. S. maltophilia was isolated 
from multiple sink drains and from a first-catch wa-
ter sample collected from the sink in one of the CT 
rooms, but those isolates were not genetically linked 
to the outbreak strain (Figure 2). We sequenced 42 S. 
maltophilia isolates, including 13 (31%) blood, 8 (19%) 
respiratory, and 21 (50%) environmental samples 
(Figure 2). The 11 clinical blood isolates available for 
sequencing from 10 case-patients were highly related. 

We sequenced 2 additional blood isolates from 2 
non–case-patients who had S. maltophilia bacteremia 
at hospital admission. Those 2 isolates were not ge-
netically linked to each other or to the outbreak strain. 
Of 8 clinical respiratory isolates collected from non–
case-patients during the same period, most (n = 7) did 
not match the S. maltophilia outbreak strain. 

Our analyses showed 4 distinct S. maltophilia 
clusters among the 42 isolates. Cluster 1 comprised 12  
clinical isolates (11 from blood); all were ST239 and 

differed by 0–4 pairwise hqSNVs across 98.55% of the 
reference core genome. Clusters 2–4 included only 
environmental isolates (no clinical isolates) and in-
cluded highly related isolates (cluster 2 hqSNV range 
1–21, cluster 3 hqSNV difference 12, and cluster 4 
hqSNV difference 2) from different sampling loca-
tions. The other isolates represented unique sequence 
types, except for 2 ST5, 2 ST23, and 2 ST224 isolates; 
isolates in those pairs were unrelated by phylogenetic 
analyses despite being the same sequence type.

Discussion
This outbreak was unusual in the number of patients 
with BSIs with the same ST239 S. maltophilia identified 
during an 18-month period, including a 6-month in-
terval without any cases. Prior to the outbreak period, 
only 1 S. maltophilia BSI was identified at this acute 
care hospital since 2020. Although we did not iden-
tify a single common source, S. maltophilia was likely 
transmitted through exposure to tap water through 
medications, medical devices, or patient care items. S. 
maltophilia is a biofilm-forming pathogen and might 
exist in a biofilm within the hospital’s water drain 
system despite the facility’s robust water manage-
ment program. Nonsterile water might have contami-
nated patient care items, injectable contrast, or other 
medications that were used or prepared in a sink’s 
splash zone area. However, patients were hospital-
ized in multiple different rooms on different wings 
of the ICU and water sampling did not identify the 
S. maltophilia outbreak strain. ICU rooms had free-
standing sinks without counter tops, making expo-
sure of patient care items to tap water less likely in 
the ICU. Both rooms in the CT suite had sinks where 
injectable contrast or other medications could have 
been prepared for administration, and both sinks had 
attached countertops and no splash guards in place. 

S. maltophilia BSIs most often affect immunocom-
promised patients and have been associated with ICU 
admission, indwelling devices, and prior antibiotic use 
(3,19,20). S. maltophilia often leads to infection of the re-
spiratory tract but can also cause BSIs through hema-
togenous dissemination from the respiratory tract (21). 
This outbreak was unusual in that the case-patients 
exhibited signs of S. maltophilia BSI without a prior 
or concomitant S. maltophilia respiratory infection. In 
addition, antibiotic exposures were of short duration 
and were similar between case- and control-patients. 
Of note, the ST239 S. maltophilia strain implicated in 
this outbreak seemed to have unusually low virulence 
because no case-patients developed sepsis or died 
from their bacteremia. In addition, most (7/8) clinical 
respiratory isolates collected from non–case-patients  
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during the same period did not match the outbreak 
strain of S. maltophilia. One clinical respiratory isolate 
in September 2023 did match the S. maltophilia outbreak 
strain. That patient was not considered a case-patient 
because the patient did not have a BSI and thus did 
not meet the case definition for this outbreak inves-
tigation. However, a review of that patient’s medical 
chart revealed that the patient underwent a CT with 
contrast, was admitted to the ICU, and was exposed 
to both fentanyl and propofol between the time of ad-
mission and S. maltophilia culture collection date. That 
finding might be explained by opportunities for im-

provement of IPC practices that might have exposed 
the patient’s respiratory tract to the same unidentified 
nonsterile water source.

Although we isolated S. maltophilia from multiple 
water and sink drain samples, none of those isolates 
were related to the outbreak strain by WGS. In addi-
tion, sampling of the 2 CT autoinjectors did not reveal 
S. maltophilia growth. However, our observations of 
cleaning and maintenance practices revealed oppor-
tunities for potential contamination of the autoin-
jectors with nonsterile water. Previous studies have 
demonstrated that rinsing medical equipment with 
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Figure 2. Phylogeny of Stenotrophomonas maltophilia detected in bloodstream infection outbreak in acute care hospital, California, 
United States, 2022–2023. Case-patient numbering starts at 4 because isolates for the first 3 cases were unavailable for sequencing. 
Full circles on the phylogenetic tree indicate evolutionary branching in the tree with a high value (n = 1) or strong support for the 
hypothesis that the branching is true. Cluster 1 (n = 12) differed by 0–4 pairwise high-quality single-nucleotide variants (hqSNVs), across 
98.54% of the reference isolate core-genome. Cluster 2 (n = 5) differed by 1–21 hqSNVs, across 97.56% of the core-genome. Cluster 3 
(n = 2) differed by 12 hqSNVs, across 98.68% of the core-genome. Cluster 4 (n = 2) differed by 3 hqSNVs, across 99.01% of the core-
genome. Scale bar indicates nucleotide substitutions per site.
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nonsterile water during cleaning can result in con-
tamination of equipment and lead to subsequent BSIs 
among patients (22). In the setting of this outbreak, 
we recommended that the facility continue to identify 
opportunities to minimize the use of nonsterile wa-
ter during maintenance and routine cleaning of the 
equipment to prevent additional S. maltophilia BSIs 
and other gram-negative bacterial infections. Since 
the outbreak, the facility has revised internal preven-
tive maintenance guidelines for CT autoinjectors to 
include use of sterile water in place of the manufac-
turer’s IFU that states warm tap water may be used. 
In addition, staff working in the CT suite have imple-
mented a daily deep cleaning of the injector heads us-
ing hospital-approved disinfectant wipes and a con-
trast cleaner for cleaning drips or spills. A 2-person 
approach was also implemented to eliminate use of 
the countertop next to the sink during the preparation 
and administration of contrast.

Several outbreaks, including ones involving bac-
terial infections, have been reported in healthcare  

settings as a result of drug diversion; some outbreaks 
involved tampering with injectable fentanyl (23). Drug 
diversion occurs when a prescription drug is removed 
from its intended path from the manufacturer to the 
patient. A 2015 review of the published literature and 
internal CDC records related to infections from drug 
diversion found 6 outbreaks over a 10-year period, 4 
of which involved tampering with syringes or vials 
containing fentanyl (23). Tampering with syringes can 
include replacement of medication with saline or non-
sterile water, enabling introduction of environmental 
pathogens to the bloodstream. Dilution of analgesic 
medication using nonsterile water has also been linked 
to an outbreak of Sphingomonas paucimobilis, another 
water-associated pathogen that rarely causes blood-
stream infections (24). We found that exposure to fen-
tanyl increased the odds of being a case-patient by 9.2 
times and exposure to propofol increased the odds by 
12.2 times. However, the facility’s drug diversion com-
mittee did not find evidence of drug diversion related 
to this outbreak. The review did not reveal any patterns 
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Table 2. Conditional logistic regression models on risk factors of interest for a Stenotrophomonas maltophilia bloodstream infection 
outbreak in acute care hospital, California, USA, 2022–2023* 
Risk factors No. (%) case-patients, n = 13 No. (%) control-patients, n = 39 OR (95% CI) 
Imaging procedures    
 Any CT†‡ 13 (100) 37 (94.9) 0.81 (0.10–) 
 CT with contrast 11 (91.7) 23 (63.9) 8.5 (0.9–78.2) 
 Ultrasound 8 (61.5) 23 (59.0) 1.1 (0.3–4.5) 
 MRI 1 (7.7) 9 (23.1) 0.3 (0.03–2.3) 
Injectable medications    
 Exposure to any contrast†§ 13 (100) 25 (64.1) 12.0 (2.1–) 
 Fentanyl†* 13 (100) 24 (61.5) 9.2 (1.8–) 
 Propofol 12 (92.3) 19 (48.7) 12.2 (1.5–101.4) 
 Famotidine 9 (69.2) 29 (74.4) 0.8 (0.2–3.0) 
Locations    
 CT room 2 9 (69.2) 15 (38.5) 3.6 (0.9–14.7) 
 CT room 1 8 (61.5) 23 (59.0) 1.1 (0.3–3.6) 
 Critical care bay 10 (76.9) 26 (66.7) 1.6 (0.4–6.9) 
Procedures    
 Any procedure¶ 10 (76.9) 22 (56.4) 2.6 (0.6–10.5) 
 Surgery 7 (53.9) 12 (30.8) 2.6 (0.7–9.7) 
 Any transfusions 7 (53.9) 15 (38.5) 1.9 (0.5–7.1) 
 Operating room procedure 6 (46.2) 12 (30.8) 1.9 (0.5–6.8) 
 Interventional radiology procedure 4 (30.8) 12 (30.8) 1.0 (0.2–4.2) 
 Bedside procedure 4 (30.8) 2 (5.1) 10.2 (1.1–93.0) 
Indwelling devices    
 Any tube# 12 (92.3) 30 (76.9) 3.3 (0.4–28.3) 
 Peripheral line 12 (92.3) 36 (92.3) 1.0 (0.06–16.0) 
 Mechanical ventilator 10 (76.9) 28 (71.8) 1.3 (0.3–6.2) 
 Arterial line 9 (69.2) 13 (33.3) 4.1 (1.1–16.2) 
 Central venous catheter 8 (61.5) 22 (56.4) 1.2 (0.4–4.3) 
 Other indwelling device** 7 (53.9) 36 (92.3) 0.12 (0.03–0.6) 
Other factors    
 Presence of wound 6 (46.2) 20 (51.3) 0.8 (0.2–2.9) 
 Antibiotic drug exposure 11 (84.6) 32 (82.1) 1.2 (0.2–7.0) 
*CT, computed tomography; MRI, magnetic resonance imaging; OR, odds ratio. 
†Exact odds ratio; median unbiased estimate and 1-sided p value. 
‡Brain, chest, abdomen, pelvis, maxillofacial, spine, head and neck, and other CT imaging. 
§Contrast administered during CT or other interventional radiologic procedure, 
¶Procedures were surgery, transfusions, procedures in an operating room, interventional radiology, or bedside procedures. 
#Nasogastric, orogastric, percutaneous endoscopic gastronomy, and other tubes. 
**Suprapubic catheter, Foley catheter, dialysis line, surgical drain, or other devices. 
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or commonalities among the case-patients, such as a 
common anesthesia provider or nursing staff. The facil-
ity also contacted the contracted pharmacies and con-
firmed no medication recalls had been issued to ensure 
no intrinsic contamination of intravenous medications 
occurred during this time.

Although other risk factors were statistically as-
sociated with being a case-patient in this case–control 
study, we focused our investigation and discussion 
on iodinated contrast and injectable fentanyl, because 
almost all case-patients were exposed those risk fac-
tors. The possibility that the infection point source 
was a risk factor that was not common among case-
patients is less likely.

The first limitation of this investigation is that, be-
cause of technical difficulties during environmental 
sampling, only 1 of 2 autoinjectors from the CT suite 
could be sampled initially. The local public health 
department returned to the facility on September 29, 
2023, to sample the second autoinjector and the drain 
in the second CT room. S. maltophilia was not isolated 
from those samples, which might have been attribut-
able to a 5-day delay between sample collection and 
culturing caused by shipping disruption between 
sample collection and receipt by the CDC laborato-
ry. Potential temperature deviations during delayed 
shipping might have contributed to loss of organism 
viability. Second, biofilms are dynamic in nature, and 
the environmental samples collected might have been 
insufficient to capture a portion of the biofilm that 
contained the pathogen of interest (25). The negative 
environmental samples do not definitively rule out 
the presence of the S. maltophilia outbreak strain in 
the sampled environments. Despite those challenges, 
the matched case–control study and IPC observations 
provided the facility with focus areas for re-educating 
staff and auditing IPC practices surrounding using 
nonsterile water for cleaning and preparing injectable 
medication in the CT suite. 

In summary, this epidemiologic investigation of 
13 S. maltophilia BSIs did not find a point source for 
this outbreak but revealed intravenous contrast as a 
possible risk factor of concern. Although sampling of 
the 2 CT autoinjectors was negative for S. maltophilia, 
the facility implemented measures to decrease the 
risk for contamination from nonsterile water beyond 
what was recommended in the manufacturer’s IFU. 
Intensive investigations during outbreaks frequently 
do not identify a common source. However, address-
ing identified opportunities in infection control of-
ten results in a halt of transmission, and as of August 
2025, no additional cases had been identified. Health-
care settings should discourage using nonsterile  

water for medical devices that could contact patient 
medications or care products to reduce the risk of 
contamination with waterborne pathogens such as 
S. maltophilia. 
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Lymphocytic choriomeningitis virus (LCMV) is a 
rodentborne pathogen that can cause severe con-

genital infections (1). LCMV is commonly carried by 
the house mouse (Mus musculus) (2). The virus is a 
member of the Arenaviridae family and is distrib-
uted globally in urban and rural settings; however, 
the burden of infection is not well defined. Infections 
have been reported throughout North and South 
America, Europe, Asia, and Australia (3). 

In adult humans, LCMV infection typically is as-
sociated with asymptomatic or mild illness, but severe 
disease can occur in immunocompromised patients 
(4). The virus has disproportionate health effects on 
fetuses and newborns when infection occurs during 
pregnancy and can lead to chorioretinitis, intracranial 
calcifications, a variety of neurologic malformations, 

intellectual disability, neurodevelopmental problems, 
and fetal death (1,5–7).

Although LCMV is a devastating congenital human 
pathogen, sparse epidemiologic data describe domestic 
LCMV seroprevalence in the United States (8). Previous 
serosurveys of adult urban dwellers in the United States 
in the 1980s and early 1990s found an LCMV seropreva-
lence of 2%–5%, suggesting that LCMV exposure might 
be common (9,10). Data collected during 1984–1989 
showed an average of 9% of house mice trapped across 
Baltimore, Maryland, USA, had detectable LCMV an-
tibodies (2). Infected animals were identified at 6 of 8 
sites, and LCMV seroprevalence among mice varied 
from 3.9% to 13.4%. The sampled site with the high-
est seroprevalence was an inner-city residential area 
where positive mice were clustered within city blocks 
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Lymphocytic choriomeningitis virus (LCMV) is a globally 
distributed rodentborne pathogen that can cause severe 
congenital infections. We conducted a retrospective cross-
sectional seroepidemiologic study using remnant serum 
samples from pregnant women and newborns at 2 hospi-
tals in Philadelphia, Pennsylvania, USA. We tested sam-
ples for LCMV IgG and IgM in 3 phases: a high-risk group 
determined by neighborhood deprivation index scores, a 
random sample of all birthing women, and a group with 
prenatally diagnosed neurologic malformations. We found 

LCMV IgG seroprevalence was 2.4% among 700 high-
risk and 2.7% among 300 randomly selected pregnant 
women. Seroprevalence varied by hospital site, maternal 
race or ethnicity, and neighborhood deprivation level. All 
seropositive maternal samples were IgM-negative. Thirty-
seven pregnant women carrying fetuses with neurologic 
malformations were seronegative. Our findings highlight 
the risk for LCMV exposure in urban settings and empha-
size the need for pregnant women to avoid contact with ro-
dents to prevent this rare but serious congenital infection.
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and households, and that clustering correlated with es-
timates of mouse density (2).

Scant data on LCMV seropositivity among urban 
pregnant women or general cohorts of infants with 
neurologic malformations are available for the United 
States (8). Although rapid genetic sequencing has iden-
tified more causes of congenital neurologic malforma-
tions, most (50%–60%) remain idiopathic (11,12). One 
prior Chicago, Illinois, USA–based serosurvey of a 
limited number of children with congenital chorioreti-
nitis showed that LCMV exposure in that group was 
common, supporting the notion that congenital LCMV 
might be underdiagnosed (13). Therefore, to under-
stand current perinatal LCMV seroprevalence and its 
implications, we aimed to estimate LCMV seropreva-
lence among a targeted high-risk sample of pregnant 
women, and a random sample of women who gave 
birth in urban Philadelphia, Pennsylvania, USA. We 
also aimed to assess LCMV antibody transfer to new-
borns of LCMV seropositive birth mothers and deter-
mine LCMV seroprevalence among newborns with 
neurologic malformations and their birth mothers.

Materials and Methods

Study Design and Serum Sample Collection
We conducted a retrospective cross-sectional sero-
epidemiologic study of available remnant serum 
samples from pregnant women and newborns at 2 
birth hospitals, Pennsylvania Hospital and Hospital 
of the University of Pennsylvania, and a freestand-
ing children’s hospital special delivery unit, all lo-
cated in Philadelphia. As part of routine clinical care 
at the 2 birth hospitals, at admission for delivery, 
pregnant women have blood drawn for rapid plas-
ma reagin testing to screen for syphilis, per public 
health guidelines (14). We obtained residual serum 
from that testing from the clinical laboratory at the 
time it was scheduled for disposal. We linked resid-
ual serum samples to demographic and clinical data 
abstracted from medical records and then deidenti-
fied data for analysis. All data abstraction occurred 
before serologic testing, and the analyst responsible 
for clinical data was blinded to serologic testing re-
sults. We also obtained serum samples from pregnant 
women referred to the Children’s Hospital of Phila-
delphia (CHOP) Special Delivery Unit for childbirth 
because of known fetal neurologic malformations. 
CHOP Birth Defects Biorepository routinely collects 
newborn serum samples. We deidentified all speci-
mens used in this study, and specimens could not be 
linked to specific patients. The study was reviewed 
and deemed non–human subjects research as a public 

health surveillance project by the institutional review 
boards at the University of Pennsylvania and CHOP, 
with a waiver of informed consent. This activity was 
also reviewed by the Centers for Disease Control and 
Prevention (CDC) and was conducted consistent with 
applicable federal law and CDC policy (e.g., 45 C.F.R. 
part 46.102(a)).

We conducted the study in 3 phases. For phases 
1 and 2 (Figure), we included serum samples from 
pregnant women who were admitted for childbirth 
during January 1–December 31, 2021, and who had 
an available remnant serum sample in the biobank 
registry. At 1 of the 2 birth hospitals, we included 
available remnant cord blood serum samples from 
newborns of seropositive women to assess placental 
antibody transfer. 

For phase 1, we defined a high-risk group, assuming 
a likely association between residence in neighborhoods 
of lower socioeconomic status and higher mouse expo-
sure (15). For that group, we selected serum samples 
from pregnant women residing in census tracts with the 
highest quartile of neighborhood deprivation according 
to the Community Deprivation Index (https://github.
com/geomarker-io/dep_index) on the basis of the geo-
coded address reported at the time of admission for 
childbirth (16,17). Community Deprivation Index scores 
range from 0 to 1 and are divided into 4 quartiles from 
least deprived (Q1) to most deprived (Q4) as follows: Q1 
is <0.324, Q2 is 0.324–0.449, Q3 is 0.45–0.579, and Q4 is 
>0.58 (17,18). The index was developed using a princi-
pal component analysis of the 2018 American Commu-
nity Survey census tract fraction of the population with 
incomes below the federal poverty level, at least a high 
school education, lacking health insurance, receiving 
public assistance for income or food, median household 
income, and the fraction of vacant homes (18). 

For phase 2, to obtain a seroprevalence estimate 
for the study population at large, we selected serum 
samples from a random sample of pregnant women 
who gave birth during the study period. For phases 
1 and 2, we excluded serum samples from pregnant 
women who had a missing deprivation index; resided 
outside of the Philadelphia city limits; had an impre-
cise geocode, defined as a geocode match score <0.8 
the range; or with <300 µL of available serum (Figure). 
We excluded samples from the 700 pregnant women in 
phase 1 from selection in phase 2 to avoid double selec-
tion considering that a large pool of samples remained 
and resampling was not necessary. We abstracted 
clinical data from the electronic medical record for all 
pregnant women with included serum samples.

For phase 3, we sought to estimate LCMV sero-
prevalence among a cohort of pregnant women with 
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known fetal neurologic and ocular malformations and 
their newborns. We obtained maternal plasma and 
cord blood samples from the CHOP Birth Defects Bio-
repository for births during June 1, 2019–June 1, 2023. 
We used Human Phenotype Ontology (HPO) terms 
to define neurologic and ocular findings (19); those 
terms were developed to standardize the descriptions 
of phenotypes observed across human disease.

LCMV Serologic and Molecular Testing
During September 2023–June 2024, we shipped sam-
ples from all 3 study phases to CDC (Atlanta, Geor-
gia, USA) for laboratory testing. As previously de-
scribed (20), the laboratory used a CDC-developed 
ELISA to determine the presence of LCMV IgG. The 
laboratory subsequently tested IgG-positive sam-
ples by using a CDC-developed IgM ELISA (20). For 
IgM-positive samples, the laboratory subsequently 
extracted RNA from the original clinical specimen 
and tested for LCMV nucleic acid using a real-time 

reverse transcription PCR targeting the large seg-
ment of LCMV (21).

Statistical Analysis
For phase 1, from preliminary deprivation index data 
and historical childbirth volumes, we estimated that we 
would need 700 maternal serum samples to detect se-
roprevalence >0.5%: 500 samples for screening and 200 
samples for validation to confirm the seroprevalence 
estimate. For phase 2, on the basis of preliminary find-
ings from phase 1, we selected 300 random maternal 
samples stratified by deprivation index quartiles (75 
samples per quartile) to obtain a seroprevalence esti-
mate for the study population. For phase 3, we used a 
convenience sample, as described above. We reported 
the percentage of seropositive cases for each phase and 
computed 95% CIs by using the binomial distribution.

We used a 2-sample z-test for proportions and Fish-
er exact test to compare serostatus by available demo-
graphic data and clinical characteristics for phases 1 and 
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Figure. Flowchart of 3 phases of a study of lymphocytic choriomeningitis virus seroprevalence among urban pregnant women and 
newborns, Philadelphia, Pennsylvania, USA, 2021. A) Phase 1; B) phase 2; C) phase 3. Phases 1 and 2 used deliveries at Pennsylvania 
Hospital and the Hospital of the University of Pennsylvania in 2021 as the starting population. Repeated medical record numbers indicate 
parturient patients with multiple deliveries or >1 delivery during the study period, which would result in replicate maternal serum samples 
if retained. Phase 3’s starting population was the Children’s Hospital of Philadelphia Special Delivery Unit newborns delivered from the 
inception of the Birth Defects Biorepository during June 1, 2019–June 1, 2023. *Deprivation index ranges were determined using the 
Community Deprivation Index (https://github.com/geomarker-io/dep_index) on the basis of the geocoded address and quartile values were 
calculated on the full eligible cohort before phase-specific exclusions (n = 4,611). †Exclusion criteria included no cytomegalovirus testing on 
file, no placenta tissue available, and plasma not available for both maternal/infant matched samples even within the first few weeks after 
delivery. ‡The 8 overall HPO terms (https://hpo.jax.org) used encompassed 615 conditions. Those 8 HPO terms were abnormal choroid 
morphology, abnormal retinal morphology, cerebral calcification, intracranial cystic lesion, abnormality of neuronal migration, abnormal 
cerebral morphology, open neural tube defect, and abnormal cerebral ventricle morphology. §After excluding lipomyelomeningocele, 
myelomeningocele, and myeloschisis, 612 children’s HPO conditions remained. HPO, Human Phenotype Ontology.
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2 combined. Because phase 3 results were not compa-
rable to phases 1 and 2, we did not include phase 3 in 
that analysis. To address potential collinearity, we used 
an analysis of variance (ANOVA) model with hospital, 
ethnicity, race, maternal age, and deprivation index 
quartile variables as the independent variables and se-
rostatus as the response variable. Because we selected 
all samples from phase 1 from Q4, we used the depri-
vation index quartile in the ANOVA model to ensure 
that the overrepresentation did not bias the results. We 
then fit a multivariable logistic regression model with 
maternal LCMV serostatus as the binary outcome. We 
used stepwise variable selection to derive a final par-
simonious model and calculated adjusted odds ratios 
(ORs) with 95% CIs. We used MATLAB (MathWorks, 
https://www.mathworks.com) to perform all statistical 
analyses and considered p<0.05 statistically significant.

Results
In 2021, the 2 hospitals reported that 9,286 women 
gave birth to 9,502 newborns. For phases 1 and 2 
combined, the median maternal age at delivery was 
29 (IQR 24–34) years, and 109 (9.8%) patients gave 
birth before 37 weeks’ gestation. Of the 700 selected 
maternal serum samples from the high-risk group 
screened in phase 1, a total of 17 (2.4%, 95% CI 1.4%–
3.9%) were positive for LCMV IgG, among which 
none were IgM-positive. We had 11 paired cord blood 
samples available from the 17 IgG-positive maternal 
serum samples, all of which tested positive for IgG 
directed to LCMV but were IgM-negative. 

In phase 2, a total of 8 (2.7%, 95% CI 1.2%–5.2%) 
of the 300 random maternal serum samples were IgG-
positive for LCMV. None of those serum samples 
were IgM-positive. Six paired cord blood samples 
were available from the 8 IgG-positive maternal se-
rum samples; all were IgG-positive for LCMV but 
were IgM-negative (Table 1).

We compared serostatus by clinical and demo-
graphic characteristics for phases 1 and 2 combined 
(Table 2). The overall ANOVA model was statistically 
significant. The independent variables showed high 
collinearity in the initial model with an average vari-
ance inflation factor (VIF) of 1.57. The final ANOVA 
model (F statistic = 24.375; p = 0.0004) that used step-
wise regression removed much of the collinearity 
from the initial model, resulting in an average VIF of 
1.14. The statistically significant factors were the birth 
hospital (Pennsylvania Hospital ranked higher than 
Hospital of the University of Pennsylvania; p = 0.01), 
maternal race (all other races were higher than White 
race; p  =  0.0003), and maternal ethnicity (Hispanic 
ethnicity ranked higher than non-Hispanic; p = 0.02). 

We additionally calculated ORs from those signifi-
cant variables, as well as maternal age and depriva-
tion index (Table 3). 

In phase 3, we assessed LCMV seroprevalence 
among a cohort of pregnant women carrying fetuses 
with prenatally diagnosed congenital malformations 
(Figure). We used HPO terms to identify neurologic or 
ocular malformations discovered prenatally or during 
an infant’s hospital stay. We tested for LCMV IgG in 
plasma from 37 pregnant women and cord blood sam-
ples from their 39 affected children (including 2 sets of 
twins) from June 1, 2019–June 1, 2023. Malformations 
included microcephaly (n = 17), ventriculomegaly (n = 
10), corpus callosum abnormalities (n = 5), encephalo-
cele (n = 2), retinal hemorrhage (n = 2), Dandy-Walker 
malformation (n = 1), absent septum pellucidum (n = 
1), and posterior fossa cyst (n = 1). None of the samples 
from the 37 pregnant women or their 39 children were 
seropositive for LCMV IgG (Table 1; Figure); therefore, 
we did not test for IgM levels.

Discussion
In this study of LCMV seroprevalence among a large 
and contemporary cohort of pregnant women in Phila-
delphia, we found that ≈2%–3% had evidence of ex-
posure to the virus on the basis of detectable LCMV 
IgG. None of the seropositive samples had confirmed 
LCMV IgM, and cord blood samples from seropositive 
cases all had detectable LCMV IgG but no detectable 
LCMV IgM. Those findings suggest that ≈2–3 of 100 
pregnant women in Philadelphia had past exposure to 
LCMV, although none had acute infection at the time 
of blood sample collection. The results also are consis-
tent with passive antibody transfer from exposed preg-
nant women to their newborns because all cord blood 
samples from seropositive patients were also IgG posi-
tive. Our data provide insights into exposure of a large 
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Table 1. Phase-specific lymphocytic choriomeningitis virus 
seroprevalence among urban pregnant women, Philadelphia, 
Pennsylvania, USA* 

Analysis phase 
No. (%) 

seropositive  
Pregnant women, n = 1,000 25 (2.5) 
 Phase 1, n = 700 17 (2.4) 
 Phase 2, n = 300 8 (2.7) 
Pregnant women with antenatally diagnosed fetal 
brain anomaly; phase 3, n = 37 

0 

*Maternal lymphocytic choriomeningitis virus (LCMV) seroprevalence 
detected by LCMV IgG during pregnancy. For phases 1 and 2, 
neighborhood deprivation at the census tract level calculated by using the 
Community Deprivation Index (17,18). Scores are divided into 4 quartiles 
from least deprived (Q1) to most deprived (Q4). Scores are as follows: Q1 
is <0.324; Q2 is 0.324–0.449; Q3 is 0.45–0.579; and Q4 is >0.58. Phase 1 
included persons residing in the highest quartile of neighborhood 
deprivation; phase 2, included residents of all 4 quartiles of neighborhood 
deprivation. Phase 3 included persons with fetal brain anomalies 
diagnosed antenatally.  
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random sample of pregnant women and a targeted 
sample of high-risk pregnant women to a high-conse-
quence and underrecognized congenital pathogen.

The seroprevalence estimates from this study 
align with data from other LCMV seroprevalence 
reports in the United States and worldwide (8). The 
largest prior LCMV serosurvey was conducted 35 
years ago in urban Baltimore (9). That study included 
1,149 persons who sought care at a sexually transmit-
ted infections clinic. Among that patient cohort, 94% 
were African American (9), but pregnancy status was 
not reported. In that study, 54/1,149 (4.7%) patients 
were IgG seropositive (9), a modestly higher percent-
age than in our study. Those differences might be 
explained by differences in rodent exposure risk be-
tween the Baltimore and Philadelphia study popula-
tions or differences in LCMV carrier rates among mice 
in Baltimore versus Philadelphia during the study pe-
riods. Philadelphia is the sixth-largest US city and has 

>1.5 million inhabitants and ≈19,000 births annually 
(22). If our estimate of LCMV seroprevalence among 
pregnant women is generalizable to the overall popu-
lation of Philadelphia, we can extrapolate that nearly 
30,000–45,000 persons have been exposed to LCMV, 
including 400–600 pregnant women. Those data sup-
port that exposure to rodents shedding LCMV is com-
mon. Therefore, we support developing guidance for 
pregnant women to avoid rodent excreta to the ex-
tent possible, given risks of severe congenital disease, 
which can range from neurologic and ocular malfor-
mations to hydrops and fetal or neonatal death (6,7). 
Similar guidance is already in place to minimize risk 
of contracting other congenital pathogens, including 
Listeria, cytomegalovirus, Toxoplasma, Treponema, ru-
bella, varicella, Zika, and others (23).

Although we hypothesized that residents in cen-
sus tracts with higher neighborhood deprivation 
would have higher rates of LCMV seroprevalence 
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Table 2. Demographic and clinical characteristics of maternal patients in a study of lymphocytic choriomeningitis virus seroprevalence 
among urban pregnant women and newborns, Philadelphia, Pennsylvania, USA, 2021* 
Characteristic No. seropositive (%) [95% CI] p value 
Maternal age range, y   
 14–23, n = 246 4 (1.6) [0.44–4.11] 0.2488 
 24–34, n = 570 19 (3.3) [2.02–5.16] Referent 
 35–49, n = 184 2 (1.1) [0.13–3.87] 0.1268 
Prepregnancy BMI†   
 Underweight, BMI <18.5, n = 26  0 [0–10.88] NA 
 Normal, BMI 18.5 to <25.0, n = 332 4 (1.2) [0.33–3.06] 0.3344 
 Overweight, BMI 25.0 to <30.0, n = 240 6 (2.5) [0.92–5.36] Referent 
 Obese, BMI >30.0, n = 381 14 (3.7) [2.02–6.09] 0.4905 
Group B Streptococcus status   
 Positive, n = 295 4 (1.4) [0.37–3.43] 0.1695 
 Negative, n = 593 17 (2.9) [1.68–4.55] Referent 
 Unknown, n = 112 4 (3.6) [0.98–8.89] 0.7600 
Live-born infant   
 Y, n = 995 25 (2.5) [1.63–3.69] Referent 
 N, n = 5 0 [0–45.07] NA 
Gestational age at delivery   
 <37 weeks, n = 108 3 (2.8) [0.58–7.90] 0.7836 
 >37 weeks, n = 892 22 (2.5) [1.55–3.71] Referent 
Birth hospital   
 Pennsylvania Hospital, n = 504 17 (3.4) [1.98–5.35] Referent 
 Hospital of the University of Pennsylvania, n = 496 8 (1.6) [0.70–3.15] 0.1036 
Race‡   
 Black, n = 655 22 (3.3) [2.12–5.04] Referent 
 White, n = 243 1 (0.4) [0.01–2.27] 0.0086 
 Other, n = 86 1 (1.2) [0.03–6.31] 0.7154 
Ethnicity§   
 Hispanic, n = 153 7 (2.9) [1.17–5.84] Referent 
 Non-Hispanic, n = 837 16 (1.9) [1.10–3.09] 0.0712 
Neighborhood deprivation¶   
 Q1, least deprived, n = 75 0 [0–3.92] 0.2406 
 Q2, n = 75 2 (2.7) [0.32–9.30] 1.0 
 Q3, n = 75 2 (2.7) [0.32–9.30] 1.0 
 Q4, most deprived, n = 75 21 (2.7) [1.68–4.11] Referent 
*BMI, body mass index; NA, not applicable. 
†Excludes 21 unknown, of which 1 was positive (not represented in table). 
‡Excludes 16 unknown, of which 1 was positive (not represented in table). 
§Excludes 10 unknown, of which 2 were positive (not represented in table). 
¶Neighborhood deprivation at the census tract level calculated by using the Community Deprivation Index (17,18). Scores are divided into 4 quartiles from 
least deprived (Q1) to most deprived (Q4). Scores are as follows: Q1 is <0.324; Q2 is 0.324–0.449; Q3 is 0.45–0.579; and Q4 is >0.58. 
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compared with the random sample, that was not the 
case. We did not find a statistically significant differ-
ence between deprivation index quartiles, but the 
quartile with the least deprivation had zero seroposi-
tive samples identified among the 75 tested samples 
(Table 2). We acknowledge that census tract–level data 
might not accurately reflect a person’s risk for expo-
sure to LCMV-infected rodents. Of note, the difference 
in seropositivity between the 2 hospitals might be ex-
plained by potential demographic and socioeconomic 
differences in the populations served. Larger cohorts, 
including patients and samples from multiple urban 
and rural areas, are needed to fully determine the rela-
tionship between specific housing and neighborhood 
characteristics and risk for LCMV exposure.

None of the cases of congenital neurologic mal-
formations in phase 3 of this study appear to have 
been related to congenital LCMV infection, most 
likely because of the small sample size of infants 
with a variety of congenital neurologic malforma-
tions. None of those infants exhibited chorioretini-
tis, which is the common clinical feature among all 
reported live-born cases of congenital LCMV (6). Al-
though the sensitivity of chorioretinitis in congeni-
tal LCMV remains to be determined in larger stud-
ies, we recommend that all infants with congenital 
neurologic malformations receive a thorough retinal 
exam and that those with evidence of chorioretinitis 
then be evaluated for LCMV antibodies. Larger co-
horts of samples from affected newborns are needed 
to more accurately estimate the effects of LCMV in-
fection during pregnancy on the fetus. In addition, 
prospective sampling of women before and during 
pregnancy will be required to associate seroconver-
sion more definitively with adverse fetal outcomes. 
Efforts to increase awareness of LCMV infection 
during pregnancy and to educate clinicians about 
LCMV are warranted because of the potential for 
this virus to cause fetal neurologic disease.

Strengths of this study include the relatively large 
sample size of phases 1 and 2, identification of 3 popu-
lations of interest, and use of a detailed serologic test-
ing strategy devised in collaboration with experts from 
CDC. The first limitation of this study is that using rem-
nant samples could introduce selection bias; however, 
of the 9,502 deliveries from Pennsylvania Hospital and 
Hospital of the University of Pennsylvania in 2021, 
maternal samples were available for ≈8,739 (92%). Sec-
ond, including samples from pregnant women resid-
ing in single urban area in a single year might mean  
results are not generalizable to other populations or 
later timeframes; however, LCMV seroprevalence 
would not be expected to change substantially within 

the same geographic area over short time intervals. 
Third, we used deprivation index data from 2018, and 
that temporal mismatch could lead to misclassification 
error. Fourth, we did not test all maternal samples for 
IgM in the absence of IgG, meaning that very early ma-
ternal infection might not have been detected. Finally, 
the CHOP Birth Defects Biorepository contained lim-
ited maternal and cord blood samples, leading us to 
test only for IgG in cord blood samples from infants 
born with congenital neurologic malformations and 
their respective maternal samples. In a prior case se-
ries, IgG titers were unequivocally positive at birth in 
infants with diagnosed congenital LCMV, and IgM 
might be absent in neonates. Although we did not de-
finitively rule out early infection in this cohort, we do 
not suspect congenital LCMV in the absence of pathog-
nomonic chorioretinitis and IgG seropositivity. Future 
prospective studies should be undertaken to clarify 
LCMV transmission dynamics and fetal risks among 
additional urban and rural populations to best inform 
clinical and preventive guidance.

In conclusion, our findings confirm the ongoing 
exposure of urban dwellers to LCMV and demon-
strate the potential for maternal-to-fetal transfer of 
LCMV IgG. Our data update decades-old US prev-
alence estimates and highlight a continued risk of  
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Table 3. Factors associated with maternal seroprevalence in a 
study of lymphocytic choriomeningitis virus seroprevalence 
among urban pregnant women and newborns, Philadelphia, 
Pennsylvania, USA, 2021* 
Characteristic Odds ratio (95% CI) 
Maternal age range, y  
 14–23 0.4793 (0.1614–1.4239) 
 24–34 Referent 
 35–49 0.3187 (0.0735–1.3814) 
Birth hospital†  
 Pennsylvania Hospital 2.1294 (0.9104–4.9802) 
 Hospital of the University of 
Pennsylvania 

Referent 

Race†  
 Black 8.4107 (1.1275–62.7395) 
 White Referent 
 Other 2.8471 (0.1761–46.0206) 
Ethnicity†  
 Hispanic 2.4602 (0.9948–6.0842) 
 Non-Hispanic Referent 
Neighborhood deprivation‡  
 Q1, least deprived NA§ 
 Q2 0.9837 (0.2261–4.279) 
 Q3 0.9837 (0.2261–4.279) 
 Q4, most deprived Referent 
*NA, not applicable. 
†Statistically significant variable in final analysis of variance model. 
‡Neighborhood deprivation at the census tract level calculated by using 
the Community Deprivation Index (17,18). Scores are divided into 4 
quartiles from least deprived (Q1) to most deprived (Q4). Scores are as 
follows: Q1 is <0.324; Q2 is 0.324–0.449; Q3 is 0.45–0.579; and Q4 is 
>0.58. 
§NA indicates that no positive results were recorded within Q1, resulting in 
this odds ratio being undefined. 
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rodentborne virus exposure during pregnancy. Giv-
en LCMV’s potential to cause severe congenital dis-
ease, targeted public health messaging could help 
prevent exposure during pregnancy, especially in 
high-risk communities. We believe that LCMV risk 
should be included in standard education about 
congenital infections and that pregnant women and 
clinicians should be made aware of risks associated 
with LCMV infection during pregnancy.
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Tuberculosis (TB) remains a major global public 
health challenge. In 2024, an estimated 10.7 mil-

lion persons had TB develop, and ≈1.23 million per-
sons died (1). TB, caused by Mycobacterium tubercu-
losis, begins as an asymptomatic infection but can 
progress to infectious disease at any time (2). Among 
persons with evidence of M. tuberculosis infection, 
risk of developing TB is highest in the first 2 years 
after infection (3). Persons with evidence of M. tuber-
culosis infection go through a short high-risk period, 
followed by a prolonged low-risk period (1–3).

M. tuberculosis infection is diagnosed by absence 
of clinical findings indicating TB disease, plus immu-
noreactivity to M. tuberculosis antigens measured by 

skin tests or interferon-γ release assays (4,5). Immuno-
reactivity can exhibit reversion (6) but is assumed to 
be lifelong for many infected persons. Immunoreac-
tivity tests cannot distinguish persons at high risk for 
TB progression (i.e., recently infected [<2 years]) from 
those at low risk (i.e., remotely infected [>2 years]). 
The number of recently infected versus remotely in-
fected persons will vary by local epidemiology, driv-
en by the force of M. tuberculosis transmission.

In many low-incidence countries, TB dispro-
portionately affects immigrant populations, largely 
because of progression of M. tuberculosis infection 
acquired in higher transmission settings before im-
migration. For that reason, several countries have  
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We assessed how evolving global tuberculosis (TB) 
trends might influence Mycobacterium tuberculosis im-
munoreactivity and TB risk among persons immigrating 
to low-incidence countries. We projected annual risk for 
infection (ARI) in 168 countries for 2024–2050, focusing 
on China, India, the Philippines, and Vietnam. We applied 
projections to the age profile of immigrants to 4 low-inci-
dence countries to estimate changes in M. tuberculosis 
immunoreactivity prevalence and TB risk under status 
quo and accelerated ARI decline scenarios. In the sta-

tus quo 2024 estimate, M. tuberculosis immunoreactiv-
ity prevalence ranged from 14.7% in China to 40.1% in 
the Philippines, declining to 5.8% in China and 23.0% in 
the Philippines by 2050; TB risk also declined. Acceler-
ated ARI reductions yielded greater relative decreases in 
disease risk than immunoreactivity prevalence. Declining 
global TB incidence could reduce M. tuberculosis immu-
noreactivity and disease risk among immigrant popula-
tions, which could inform cost–benefit analyses for future 
TB screening strategies in low-incidence settings.
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implemented or considered large-scale M. tuberculosis 
infection screening and treatment programs among 
new immigrants (7,8). Critical to the cost-effectiveness 
of those programs are M. tuberculosis immunoreactivi-
ty prevalence and the likelihood of subsequent TB dis-
ease (9). TB risk is directly correlated with the percent-
age of recently infected persons; thus, understanding 
how changing TB epidemiology affects immunoreac-
tivity prevalence and percentages of persons recently 
or remotely infected can have implications for cost-
effectiveness and efficiency of TB programs.

In this study, we aimed to gain insights into how 
changing TB epidemiology would affect the M. tuber-
culosis immunoreactivity prevalence and risk for de-
veloping TB disease among new immigrants to low-
incidence countries. Using the age distribution of new 
immigrants to 4 immigrant-receiving low-incidence 
countries, we estimated temporal changes in the over-
all M. tuberculosis immunoreactivity prevalence and 
risk for progression to TB disease in the year of arrival 
among immigrants from 168 countries. We focused on 
immigrants from 4 moderate- to high-incidence coun-
tries, India, China, the Philippines, and Vietnam, and 
modeled how further changes in M. tuberculosis trans-
mission could affect those outcomes for 2024–2050.

Methods

Countries Evaluated
For this analysis, we considered persons immigrat-
ing from 168 countries (Appendix Table 1, https:// 
wwwnc.cdc.gov/EID/article/32/3/25-1340-App1.
pdf). Of those, we selected 4 moderate- to high-in-
cidence countries (annual TB incidence ≥50/100,000 
population) to examine more closely: China, India, 
the Philippines, and Vietnam. We selected those coun-
tries because all 4 are common countries of origin for 
immigrants moving to 4 common immigrant-receiv-
ing countries. In 2023, those 4 countries combined ac-
counted for 54% of new immigrants to Canada, 19% 
to the United States, 12% to the United Kingdom, and 
47% to Australia (10–13).

Annual Risk for M. tuberculosis Infection  
Measured by Immunoreactivity
The diagnosis of M. tuberculosis infection is based on 
immunoreactivity to skin tests or interferon-γ release 
assays and cannot be empirically confirmed; thus, we 
focused on immunoreactivity. We estimated the an-
nual risk for infection (ARI), which is the probability 
that in a given year someone will become M. tubercu-
losis immunoreactive, by leveraging methods and es-
timates generated for a previously published analysis 

(14). Estimates included 200 different ARI projections 
from 1889–2021. When available, we used histori-
cal tuberculin skin test surveys as the basis for ARI; 
in all other instances, we estimated ARI by using a 
modified Styblo rule, which relates the prevalence of 
smear-positive TB disease to the ARI. In both meth-
ods, ARI is related to measured immunoreactivity 
prevalence, and immunoreactivity is assumed to be 
lifelong. To estimate ARI beyond 2021, we estimated 
the average annual change in ARI during 2000–2021 
and projected the same annual change from 2022 to 
2050 for each country and ARI projection.

Estimation of M. tuberculosis Immunoreactivity  
Prevalence
To estimate M. tuberculosis immunoreactivity preva-
lence, we adapted methods from a previously pub-
lished study modeling immunoreactivity prevalence 
among foreign-born residents of Canada (14). In brief, 
we calculated the cumulative probability of M. tuber-
culosis immunoreactivity by integrating the ARI over 
time stratified by country of origin, year of birth, and 
year of migration. We applied annual ARI values se-
quentially up to each time point, assuming indepen-
dent infection risk from year to year.

For each country, we used the 200 ARI trajecto-
ries estimated for 2024 to 2050 to generate 200 cor-
responding estimates of immunoreactivity preva-
lence for each year of migration and year of birth. We 
then applied those estimates to the age distribution 
of new immigrants from 4 immigrant-receiving low-
incidence countries, to attain estimates of overall im-
munoreactivity prevalence for each year. Similarly, 
we used those same ARI trajectories to estimate the 
prevalence of recently acquired M. tuberculosis immu-
noreactivity (i.e., persons who became immunoreac-
tive <2 years), using the ARI over a 2-year period. We 
selected a 2-year period for recent immunoreactivity 
because that timeframe corresponds to the highest 
risk period for progression to TB (3,5,15).

Projections of M. tuberculosis Immunoreactivity 
Prevalence and TB Risk
To estimate the age distribution of immigrants, we 
analyzed immigration data from Canada, the United 
States, the United Kingdom, and Australia, which 
detail the demographic characteristics of new immi-
grants each year (Appendix). We categorized those 
values into 6 age ranges: 0–14, 15–29, 30–44, 45–59, 
60–74, and >75 years (16). We assumed the age dis-
tribution was the same for each country of origin and 
that specific ages were equally distributed within 
each range. 
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To project the age distribution into the future, we 
calculated the mean percentage and SD of new im-
migrants belonging to each age group in the most re-
cent year from which data were available (2023–2024) 
across countries by using equal weighting and as-
sumed that distribution remained stable from 2024 
to 2050. We fit each age category to a β distribution 
(Appendix Table 2), and generated 200 sets of age 
distribution estimates, scaling values to ensure each 
set summed to 100%. Therefore, we estimated that, of 
all new immigrants, 16.4% (95% uncertainty interval 
[UI] 10.3%–24.9%) would be 0–14 years of age, 25.2% 
(95% UI 14.4%–36.8%) would be 15–29 years of age, 
34.5% (95% UI 24.4%–47.0%) would be 30–44 years 
of age, 15.3% (95% UI 8.5%–24.8%) would be 45–59 
years of age, 6.3% (95% UI 2.7%–11.4%) would be 60–
74 years of age, and 1% (95% UI 0.3%–2.5%) would be 
≥75 years of age at the time of immigration.

For each year during 2024–2050, we used each 
of the 200 ARI trajectories to estimate the overall M. 
tuberculosis immunoreactivity prevalence among per-
sons immigrating from each country, as well as the ac-
quired immunoreactivity prevalence in the previous 
2 years under a status quo scenario (i.e., no change 
in projected ARI trajectories). Using the projections of 
overall and recent M. tuberculosis immunoreactivity, 
we estimated the average annual TB incidence in the 
year of arrival among new immigrants overall from 
each country, as well as the TB incidence in the year 
of arrival restricted to those with underlying M. tuber-
culosis immunoreactivity. 

To estimate risk for TB progression, we assumed 
that the annual risk for TB progression for persons 
who recently acquired immunoreactivity was similar 
to that estimated in a large systematic review of TB 
risk among contacts (17). For persons with remotely 
(>2 years before immigration) acquired immunoreac-
tivity, we based estimates on observed TB incidence 
data in Canada (Appendix). We used those data 
sources to fit risks to lognormal distributions (Ap-
pendix) and generated 200 estimates, which resulted 
in estimates of TB risk in the year of arrival at 1.7% 
(95% UI 1.3%–2.2%) among persons with recent M. 
tuberculosis immunoreactivity and at 0.07% (95% UI 
0.06%–0.09%) among persons with remote M. tuber-
culosis immunoreactivity.

To assess how reducing M. tuberculosis trans-
mission would affect each of those outcomes, we 
modeled 3 different scenarios in which we reduced 
the ARI trajectories in our status quo projections 
beginning in 2025 to an absolute 1% additional  
reduction, 3% additional reduction, and 5% addi-
tional reduction in ARI. For example, if the status 

quo scenario had an estimated annual relative ARI 
decrease of 3% for a given country, we modeled sce-
narios in which the relative ARI decrease was 4%, 
6%, or 8% annually. We calculated absolute and rel-
ative reductions by comparing each reduction sce-
nario to the status quo. We stratified data by country 
and by age groups to identify trends and differences 
in estimates among strata.

We conducted a sensitivity analysis in which we 
loosened our assumption that M. tuberculosis immuno-
reactivity was lifelong, allowing for reversion (6,18). 
Because our ARI estimates are based on measured im-
munoreactivity, if reversion occurred, we would esti-
mate the same level of overall measured immunoreac-
tivity prevalence, but ARI would necessarily need to be 
higher to achieve that prevalence. Using those higher 
ARIs, recently acquired immunoreactivity prevalence 
would increase. Therefore, to maintain observed levels 
of immunoreactivity in our sensitivity analysis, we es-
timated the attendant increase in the ARI assuming an 
annual reversion rate of 10%, per previously described 
data (18,19). Thus, considering reversion was equiva-
lent to a 2.9-fold increase in ARI, and we used that as-
sumption to reestimate the prevalence of recently ac-
quired immunoreactivity and the average annual risk 
for TB progression for the years 2024–2050.

We reported estimates as medians and 95% UIs 
(2.5th and 97.5th percentiles) across the 200 ARI tra-
jectories. We compared outputs of M. tuberculosis 
immunoreactivity prevalence and TB disease risk to 
previous estimates for face validity (Appendix). We 
conducted all analyses in R version 4.3.1 (The R Proj-
ect for Statistical Computing, https://www.r-project.
org). We performed preliminary data organization 
and cleaning using Excel 2024 (Microsoft, https://
www.microsoft.com). We created graphic repre-
sentations using the ggplot2 package version 3.5.1 
(https://github.com/cran/ggplot2) and GraphPad 
(GraphPad Software Inc., https://www.graphpad.
com). This study used publicly available deidentified, 
aggregate data, and did not include personal identi-
fiers in any data analyzed; thus, approval from a re-
search ethics board was not required.

Results

Estimated Changes in ARI
We estimated the Philippines would have the high-
est 2024 ARI at 0.98% (95% UI 0.46%–2.2%), followed 
by India at 0.48% (95% UI 0.24%–0.95%), Vietnam 
at 0.41% (95% UI 0.13%–1.20%), and China at 0.19% 
(95% UI 0.08%–0.47%) (Table 1; Appendix Figure 1). 
Across all 4 countries, the estimated ARI generally 
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declined during 2000–2021, although in all countries 
except India, a small number of trajectories projected 
increases. Specifically, we estimated the ARI would 
fall at a relative rate of 3.8% per year (95% UI 7.3% de-
cline to 0.2% increase) in China, 4.1% per year (95% UI 
7.1% decline to 0.2% decline) in India, 3.1% per year 
(95% UI 7.1% decline to 0.7% increase) in the Philip-
pines, and 3.8% per year (95% UI 8.8% decline to 1.6% 
increase) in Vietnam. Following those projections, 
compared with 2024, the 2050 ARI was 61.8% lower 
(95% UI 84.7% lower to 5.0% higher) in China, 64.7% 
lower (95% UI 84.0% lower to 5.5% higher) in India, 
53.8% lower (95% UI 83.9% lower to 19.5% higher) in 
the Philippines, and 61.6% lower (95% UI 89.7% lower 
to 46.8% higher) in Vietnam. We also calculated ARI 
trends for all 168 countries (Appendix Table 3).

Projected Changes in Immunoreactivity Prevalence
In general, declining ARI trends translated into re-
ductions in the point estimates of immunoreactiv-
ity prevalence among immigrant populations from 
China, India, the Philippines, and Vietnam. In 2024, 
we estimated prevalence among new immigrants 
from each country to be 14.7% (95% UI 10.7%–22.7%) 

for China, 25.4% (95% UI 20.4%–30.8%) for India, 
40.1% (95% UI 32.6%–49.8%) for the Philippines, and 
27.7% (95% UI 19.5%–41.2%) for Vietnam (Figure 1). 
By 2050, we projected prevalence would decrease to 
5.8% (95% UI 3.4%–13.5%) for China, 13.2% (95% UI 
7.7%–26.2%) for India, 23.0% (95% UI 14.3%–48.5%) 
for the Philippines, and 11.7% (95% UI 6.9%–30.5%) 
for Vietnam (Appendix Tables 4, 5). 

The prevalence of recent immunoreactivity re-
mained relatively stable over time in the status quo 
scenario. By 2050, we projected the prevalence of re-
cently acquired immunoreactivity would be 0.14% 
(95% UI 0.03%–0.78%) for China, 0.30% (95% UI 
0.07%–1.40%) for India, 0.67% (95% UI 0.14%–2.6%) 
for the Philippines, and 0.28% (95% UI 0.03%–2.1%) 
for Vietnam (Appendix Table 6). In our reversion 
sensitivity analysis, corresponding estimates in 2050 
were 0.4% (95% UI 0.08%–2.3%) for China, 0.86% (95% 
UI 0.21%–4.1%) for India, 1.9% (95% UI 0.41%–7.4%) 
for the Philippines, and 0.80% (95% UI 0.08%–6.0%) 
for Vietnam (Appendix Table 6).

Increasing the rate of ARI decline had modest 
effects on the absolute decline in immunoreactiv-
ity prevalence, regardless of the increase in the rate 
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Table 1. Projected annual risk for infection in a study of global tuberculosis epidemiology on Mycobacterium tuberculosis and 
immunoreactivity prevalence, 2024–2050* 

Country 
Status quo ARI, % (95% UI) 

 
2050 ARI, % (95% UI), under additional ARI reduction scenarios 

2024 2050 Additional 1% reduction Additional 3% reduction Additional 5% reduction 
China 0.19 (0.08–0.47) 0.07 (0.01–0.47)  0.05 (0.01–0.35) 0.03 (0.01–0.19) 0.02 (0–0.11) 
India 0.48 (0.24–0.95) 0.17 (0.04–0.98)  0.13 (0.03–0.74) 0.07 (0.01–0.41) 0.04 (0.01–0.22) 
Philippines 0.98 (0.46–2.2) 0.44 (0.08–2.7)  0.32 (0.06–2.0) 0.18 (0.03–1.1) 0.09 (0.02–0.62) 
Vietnam 0.41 (0.13–1.2) 0.16 (0.01–1.7)  0.12 (0.01–1.3) 0.06 (0.01–0.70) 0.03 (0–0.38) 
*Analysis of percentage ARI under the status quo scenario and 3 scenarios of additional ARI reduction of 1%, 3%, and 5%. ARI, annual risk for infection; 
UI, uncertainty interval. 

 

Figure 1. Projected 
immunoreactivity in study of 
effects of global tuberculosis 
epidemiology on Mycobacterium 
tuberculosis immunoreactivity 
prevalence, 2024–2050. Graphs 
show projected prevalence of  
M. tuberculosis immunoreactivity 
prevalence among immigrants 
from China (A), India (B), the 
Philippines (C), and Vietnam  
(D) under the status quo 
scenario, i.e., assuming 
continuation of projected annual 
risk for infection trends without 
additional reduction. Solid lines 
represent median estimates, 
and shaded areas indicate 95% 
uncertainty intervals.
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of decline (Appendix Tables 7, 8). We noted much 
greater effects on the prevalence of recent M. tuber-
culosis immunoreactivity under ARI decline scenarios 
(Figures 2–5). Under the additional 1% ARI decline 
scenario, we projected the overall immunoreactivity 
prevalence across China, India, the Philippines, and 
Vietnam would decrease by ≈6% by 2050 relative to 
the status quo scenario. However, recent immuno-
reactivity prevalence fell more sharply, declining by 
≈25%. Under the additional 5% ARI decline scenario, 
those reductions were more pronounced; overall im-
munoreactivity prevalence decreased by up to 21%–
23%, and recent immunoreactivity prevalence fell by 
75%–77% relative to the status quo.

Age-stratified projections revealed that declines 
in immunoreactivity prevalence varied by age group 
and had a strong inverse relationship between age 
and reduction magnitude. Younger cohorts, having 
experienced fewer cumulative years of exposure, re-
ceived the largest benefits from reduced ARI. For in-
stance, by 2050 under the additional 3% ARI decline 

scenario, we projected the immunoreactivity in chil-
dren 0–14 years of age would fall below 1% among 
children from China, India, and Vietnam, although 
it remained slightly above 1% for children from the 
Philippines. In contrast, older adults retained higher 
immunoreactivity levels due to prior exposures accu-
mulated over their lifetimes (Appendix Table 9). The 
most substantial declines occurred in settings with 
initially high transmission, notably the Philippines 
and India, where the effects of accelerated ARI reduc-
tions were substantial. As expected, the percentage 
of recently acquired immunoreactivity was highest 
in the youngest age groups and increased in sensitiv-
ity analyses that incorporated reversion (Appendix 
Tables 10, 11).

Projected Changes in the Average TB Risk
Under the status quo scenario, we estimated overall 
annual TB incidence per 100,000 new immigrants ar-
riving in 2024 would be 16.4 (95% UI 11.0–24.9) among 
those from China, 29.7 (95% UI 20.1–47.4) among 
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Figure 2. Projected effects on tuberculosis (TB) incidence and Mycobacterium tuberculosis immunoreactivity in study of effects of 
global tuberculosis epidemiology on M. tuberculosis immunoreactivity prevalence, 2024–2050. Graphs show effects over time among 
immigrants from China under 3 scenarios for reduction in annual risk for infection: A) 1% additional reduction; B) 3% additional 
reduction; C) 5% additional reduction. Solid lines represent median estimates; shaded areas indicate 95% uncertainty intervals. Red 
line indicates status quo scenario (i.e., no change in percent immunoreactivity or TB incidence); blue indicates overall M. tuberculosis 
immunoreactivity; green indicates recent (<2 years) M. tuberculosis immunoreactivity; and purple indicates TB disease risk in the year of 
immigration to low-incidence country. 

Figure 3. Projected effects on tuberculosis (TB) incidence and Mycobacterium tuberculosis immunoreactivity in study of effects 
of global tuberculosis epidemiology on M. tuberculosis immunoreactivity prevalence, 2024–2050. Graphs show effects over time 
among immigrants from India under 3 scenarios for reduction in annual risk for infection: A) 1% additional reduction; B) 3% additional 
reduction; C) 5% additional reduction. Solid lines represent median estimates; shaded areas indicate 95% uncertainty intervals. Red 
line indicates status quo scenario (i.e., no change in percent immunoreactivity or TB incidence); blue indicates overall M. tuberculosis 
immunoreactivity; green indicates recent (<2 years) M. tuberculosis immunoreactivity; and purple indicates TB disease risk in the year of 
immigration to low-incidence country.
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those from India, 47.9 (95% UI 34.5–72.0) among those 
from the Philippines, and 30.2 (95% UI 21.2–47.3) 
among those from Vietnam. We projected that by 
2050 those risks among new immigrants would fall 
to 6.4 (95% UI 3.0–22.7) among those from China, 14.5 
(95% UI 6.8–41.9) among those from India, 27.1 (95% 
UI 12.2–76.0) among those from the Philippines, and 
12.9 (95% UI 5.9–53.9) among those from Vietnam 
(Table 2; Appendix Table 12). As a result of the higher 
estimated prevalence of recently acquired immuno-
reactivity, we estimated TB incidence in the arrival 
year would be nearly double in sensitivity analyses 
incorporating immunoreactivity reversion (Table 2; 
Appendix Tables 13, 14).

Accelerating declines in ARI led to further reduc-
tions in TB risk, largely driven by reductions in the 
prevalence of recently acquired M. tuberculosis im-
munoreactivity (Appendix Figure 2). Under the addi-
tional 3% ARI decline scenario, we estimated the an-
nual risk per 100,000 new immigrants arriving in 2050 
would be 4.4 (95% UI 2.3–12.7) among those from 

China, 10.1 (95% UI 5.4–24.2) among those from In-
dia, 18.5 (95% UI 9.0–48.7) among those from the Phil-
ippines, and 9.1 (95% UI 5.0–32.8) among those from 
Vietnam (Table 2). As with immunoreactivity preva-
lence, we noted greater declines in TB risk in younger 
age categories (Appendix Tables 12, 13). When we es-
timated TB risk in arrival year only among those with 
M. tuberculosis immunoreactivity, TB risk fell by ≈7% 
in the additional 1% ARI decline scenario, 18% in the 
3% scenario, and 25% in the 5% scenario relative to 
the status quo (Appendix Table 15).

Discussion
In this study, we found that among 4 countries 
with moderate to high TB incidence, China, India, 
the Philippines, and Vietnam, recent trends suggest 
ARI is falling 2%–3% per year. Accordingly, we pro-
jected M. tuberculosis immunoreactivity prevalence, 
a proxy for M. tuberculosis infection, and average TB 
risk would decrease among immigrants from those 
countries by 2050, and the Philippines would have 
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Figure 4. Projected effects on tuberculosis (TB) incidence and Mycobacterium tuberculosis immunoreactivity in study of effects of 
global tuberculosis epidemiology on M. tuberculosis immunoreactivity prevalence, 2024–2050. Graphs show effects over time among 
immigrants from the Philippines under 3 scenarios for reduction in annual risk for infection: A) 1% additional reduction; B) 3% additional 
reduction; C) 5% additional reduction. Solid lines represent median estimates; shaded areas indicate 95% uncertainty intervals. Red 
line indicates status quo scenario (i.e., no change in percent immunoreactivity or TB incidence); blue indicates overall M. tuberculosis 
immunoreactivity; green indicates recent (<2 years) M. tuberculosis immunoreactivity; and purple indicates TB disease risk in the year of 
immigration to low-incidence country.

Figure 5. Projected effects on tuberculosis (TB) incidence and Mycobacterium tuberculosis immunoreactivity in study of effects of 
global tuberculosis epidemiology on M. tuberculosis immunoreactivity prevalence, 2024–2050. Graphs show effects over time among 
immigrants from Vietnam under 3 scenarios for additional reduction in annual risk for infection: A) 1% additional reduction; B) 3% 
additional reduction; C) 5% additional reduction. Solid lines represent median estimates; shaded areas indicate 95% uncertainty 
intervals. Red line indicates status quo scenario (i.e., no change in percent immunoreactivity or TB incidence); blue indicates overall M. 
tuberculosis immunoreactivity; green indicates recent (<2 years) M. tuberculosis immunoreactivity; and purple indicates TB disease risk 
in the year of immigration to low-incidence country.
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the greatest absolute declines. Accelerating ARI de-
clines, even by modest amounts, had larger relative 
effects on TB risks compared with M. tuberculosis im-
munoreactivity prevalence, primarily driven by de-
clines in recently acquired immunoreactivity.

The cost-effectiveness of immigration M. tuber-
culosis infection screening and treatment programs is 
an ongoing area of debate. Some analyses have found 
such programs to be highly cost-prohibitive (20–22), 
but others have found them to be cost-effective com-
pared with traditionally accepted willingness-to-pay 
thresholds (23,24). However, the major drivers of 
the cost effectiveness of any M. tuberculosis infection 
screening program are the underlying prevalence of 
M. tuberculosis immunoreactivity and risk of develop-
ing TB. Our analysis projects the cost effectiveness of 
those programs to generally worsen over time as the 
immunoreactivity prevalence and risk of developing 
TB decline. For instance, our estimates showed that, 
among new immigrants from the Philippines, immu-
noreactivity prevalence would drop from 40.1% in 
2024 to 23.0% in 2050 and TB risk in the year of arrival 
would fall from 47.9/100,000 immigrants in 2024 to 
27.1/100,000 immigrants in 2050. However, those ef-
fects are unlikely to be homogenous within and be-
tween countries. That finding highlights the need for 
constant evaluation of TB screening programs where 
they are implemented (25) to ensure efficient use of 
healthcare funds.

A 2024 modeling study highlighted the poten-
tial economic and health benefits of improvements 
in global TB prevention and care in low-incidence 
settings (26). In line with those findings, we found 
substantial reductions in the population-level TB risk 
in scenarios with accelerated ARI declines. We also 
found that in those scenarios, TB risk declined more 
rapidly than overall M. tuberculosis immunoreactiv-
ity prevalence. That finding suggests that, in addition 
to the overall decline in population-level TB risk, the 

individual-level risk–benefit calculus of providing 
TB preventive treatment could change. Therefore, if 
declines in global TB incidence accelerate in the fu-
ture, programs would need to anticipate and adapt 
to those changes, such as by using more targeted ap-
proaches to TB screening and treatment.

We found consideration of M. tuberculosis immu-
noreactivity reversion increased estimates of TB dis-
ease risks in the year of arrival for new immigrants, 
driven by higher ARIs and therefore increased preva-
lence of recently acquired M. tuberculosis immuno-
reactivity. That aspect has been identified by others 
(27). However, cohort data have shown TB risk per-
sists, albeit reduced, among persons who had immu-
noreactivity reversion, and that reversion might not 
be stable (i.e., persons reconvert to immunopositive) 
(6). The extent of stable immunoreactivity reversion 
thus has implications on the value of prompt immu-
noreactivity testing and treatment after immigration 
(28), when risk for recent exposure would be highest.

Key strengths of this study are the consideration 
of multiple policy-relevant outcomes, use of previ-
ously reported data and methodology to perform 
the analyses, and consistency of our estimates with 
existing empiric literature. In addition, we includ-
ed a breadth of countries and focused on countries 
comprising a large number of new immigrants to 
low-incidence countries. We also used uncertainty in 
several key underlying parameters and explored the 
effects of underlying assumptions around immuno-
reactivity reversion.

The first limitation of our study is that our analy-
sis equated M. tuberculosis immunoreactivity to infec-
tion. Because current technologies to identify M. tu-
berculosis infection rely on immunoreactivity and data 
underlying TB progression rates reflect observations 
based on immunoreactivity, that was a reasonable ap-
proach. However, our main analysis assumed M. tu-
berculosis immunoreactivity would be lifelong, which 
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Table 2. Projected annual tuberculosis disease incidence among new immigrants in a study of effects of global tuberculosis 
epidemiology on Mycobacterium tuberculosis immunoreactivity prevalence, 2024–2050* 

Country 
Status quo incidence (95% UI) 

 
2050 incidence (95% UI) under additional ARI reduction scenarios 

2024 2050  Additional 1% reduction Additional 3% reduction Additional 5% reduction 
Primary analysis      
 China 16.4 (11.0–24.9) 6.4 (3.0–22.7)  5.5 (2.7–18.6) 4.4 (2.3–12.7) 3.8 (2.1–9.1) 
 India 29.7 (20.1–47.4) 14.5 (6.8–41.9)  12.7 (6.3–34.7) 10.1 (5.4–24.2) 8.5 (4.9–18.3) 
 Philippines 47.9 (34.5–72.0) 27.1 (12.2–76.0)  23.5 (11.0–65.6) 18.5 (9.0–48.7) 15.2 (8.1–36.7) 
 Vietnam 30.2 (21.2–47.3) 12.9 (5.9–53.9)  11.1 (5.5–45.5) 9.1 (5.0–32.8) 7.9 (4.6–24.4) 
Sensitivity analysis†      
 China 26.0 (16.9–50.2) 10.6 (3.7–48.7)  8.8 (3.4–38.5) 6.2 (2.9–24.1) 4.7 (2.4–15.6) 
 India 51.1 (30.9–96.4) 23.5 (9.2–86.9)  19.5 (8.1–70.1) 14.2 (6.6–45.8) 10.8 (5.5–30.5) 
 Philippines 83.7 (51.5–139.5) 48.5 (15.6–149.4)  39.4 (14.0–122.4) 27.5 (11.8–86.5) 20.2 (9.4–61.2) 
 Vietnam 46.9 (29.4–92.1) 20.8 (7.2–113.0)  17.4 (6.6–92.3) 12.6 (5.6–61.2) 9.6 (5.0–38.6) 
*Annual incidence per 100,000 persons under the status quo scenario and 3 scenarios of additional ARI reduction of 1%, 3%, and 5%. ARI, annual risk 
for infection; UI, uncertainty interval. 
†Assuming increased risk for recently acquired M. tuberculosis immunoreactivity. 
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might underestimate prevalence of recently acquired 
immunoreactivity. Therefore, we evaluated the effect 
of that assumption in a sensitivity analysis. When 
we incorporated immunoreactivity reversion, which 
implies a higher estimated prevalence of recently 
acquired immunoreactivity, the estimated TB risks 
increased. Second, we made several simplifying as-
sumptions to focus the analysis on the potential effect 
of changing infection risks. We projected ARI trends 
beyond 2021 on the basis of trends from 2000–2021 
and used a similar age distribution for immigrants 
from all countries. Those assumptions might not hold 
true for all countries if immigration patterns change 
or if global TB funding is interrupted (1,29). Third, 
we did not consider protection from reinfection in 
our model (30), which might lead to slight overesti-
mation of the percentage of persons with recent in-
fection. Fourth, we assumed no heterogeneity in risk 
for M. tuberculosis immunoreactivity or TB progres-
sion by demographic, clinical, or other factors among 
immigrants from each country. We did not explicitly 
model specific high-risk groups (e.g., persons with 
HIV) within immigrant cohorts and did not consider 
immigrants to differ systematically from nonimmi-
grants within any given country when considering 
infection or TB progression.

In summary, we found changing global TB epide-
miology could lead to reduced M. tuberculosis immu-
noreactivity and TB risk among immigrants to low-
incidence countries. Such changes might worsen the 
cost-effectiveness of M. tuberculosis infection screen-
ing and treatment programs, requiring further target-
ing of these programs over time, as well as alter the 
individual-level balance of risks and benefits of TB 
preventive treatment.

All code and data underlying the analysis are available at 
https://github.com/michelle-machado/TB-immigrants-
risk-projection/tree/main.
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Carbapenem-resistant Enterobacterales (CRE) 
are among the highest priority antimicrobial- 

resistant pathogen threats to public health in the 
United States and globally (1,2). Defined by resistance 
to the “last resort” carbapenem antibiotics, CRE in-
fections are difficult to treat and associated with high 
mortality (3). CRE is a major cause of human health-
care-associated infections and have recently emerged 
as a clinical, and potentially zoonotic, pathogen in 
companion animals (i.e., dogs and cats) (4).

Enterobacterales are a taxonomic order of gram-
negative bacteria that include commensal and patho-
genic gastrointestinal tract organisms, such as Esch-
erichia coli, Klebsiella pneumoniae, and Enterobacter spp. 
Carbapenem resistance in Enterobacterales species 
can be conferred by several different mechanisms; 
among those, acquisition of genes that encode car-
bapenemases (enzymes that inactivate carbapenems 

and other β-lactam antibiotics) represents the most 
serious public health threat (5). Because carbapen-
emase genes are often located on mobile genetic el-
ements, they can spread rapidly through both hori-
zontal transfer and clonal expansion (6,7). The 5 most 
common and widely disseminated carbapenemase 
families are K. pneumoniae carbapenemase (KPC), imi-
penemase metallo-β-lactamase, New Delhi metallo-β-
lactamase (NDM), Verona integron-encoded metallo-
β-lactamase, and oxacillinase (OXA) 48–like (8,9).

CRE isolates with carbapenemases from each of 
the 5 major families have been recovered from com-
panion animals across the globe (10). In the United 
States, the earliest reported carbapenemase-produc-
ing CRE (CP-CRE) detections from companion ani-
mals were NDM-producing E. coli isolates collected 
during 2008–2009 (11). CP-CRE from several bacterial 
species and carbapenemase families have since been 
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Strains of Carbapenemase- 
Producing Enterobacterales  
in Humans and Companion  

Animals, United States
Lingzi Xiaoli, Allison E. James, Anna L. Stahl, Maho Okumura, Stephen D. Cole, Jaclyn M. Dietrich,  

Molly M. Leeper, Jordan K. Putney, Maroya Spalding Walters, Richard A. Stanton

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 3, March 2026	 341

Author affiliations: Centers for Disease Control and Prevention, 
Atlanta, Georgia, USA (L. Xiaoli, A.E. James, A.L. Stahl, M.M. 
Leeper, J.K. Putney, M.S. Walters, R.A. Stanton); University of 
Pennsylvania School of Veterinary Medicine, Philadelphia, Penn-
sylvania, USA (M. Okumura, S.D. Cole, J.M. Dietrich); Applied 

Science Research and Technology, Inc., Smyrna, Georgia, USA 
(J.K. Putney); US Public Health Service, Rockville, Maryland, USA 
(M.S. Walters)

DOI: https://doi.org/10.3201/eid3203.251458

To elucidate the zoonotic potential of carbapenemase-pro-
ducing carbapenem-resistant Enterobacterales (CP-CRE) 
in US companion animals (i.e., dogs and cats), we queried 
the National Center for Biotechnology Pathogen Detec-
tion database to identify One Health clusters containing 
CP-CRE isolates from companion animals and humans. 
The 11 One Health clusters we found included most (69% 
[169/246]) publicly available CP-CRE sequences from 
US companion animals and were from 8 internationally 
disseminated, high-risk sequence types from 3 bacterial 

species (Escherichia coli, Klebsiella pneumoniae, and En-
terobacter cloacae). All clustered isolates had New Delhi 
metallo-β-lactamase–family carbapenemases, and most 
(92%) carried the blaNDM-5 allele. The One Health clusters 
included several closely related subclusters with geo-
graphically linked isolates from both humans and com-
panion animals. Those results suggest that CP-CRE is 
an emerging One Health issue and that direct or indirect 
transmission of CP-CRE is occurring between humans 
and companion animals in the United States.
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isolated from dogs and cats in multiple states (12–18). 
Although the prevalence of CP-CRE colonization (i.e., 
asymptomatic carriage in the gastrointestinal tract) in 
US companion animals was recently estimated to be 
only 0.2% (16), NDM-producing E. coli has caused 
several large outbreaks among dogs and cats in veter-
inary hospitals and animal rescue facilities beginning 
in 2018 (14,17,18).

Transmission of CP-CRE between humans and 
animals has been documented only a few times, 1 time 
in a household in Finland (19) and 2 times in veteri-
nary hospitals in Europe and the United States (20,21). 
However, CP-CRE outbreaks in companion animals 
have included strains associated with outbreaks in 
human healthcare facilities, highlighting the potential 
for transmission between human and animal hosts 
(13,14,16,22). Thanks to the widespread adoption of 
whole-genome sequencing (WGS) for research, sur-
veillance, and outbreak response, thousands of CP-
CRE sequences from human and nonhuman sources 
are now publicly available. We leveraged those data to 
analyze the relatedness of strains circulating between 
humans and animals to elucidate the zoonotic potential 
of CP-CRE in companion animals in the United States. 
This activity was reviewed by the Centers for Disease 
Control and Prevention (CDC), deemed research not 
involving human subjects, and was conducted con-
sistent with applicable federal law and CDC policy 
(see e.g., 45 C.F.R. part 46; 21 C.F.R. part 56; 42 U.S.C. 
§241(d), 5 U.S.C. §552a, 44 U.S.C. §3501 et seq.).

Materials and Methods

Companion Animal Isolate and One Health  
Cluster Identification
We queried the National Center for Biotechnology 
Information (NCBI) Pathogen Detection database 
(https://www.ncbi.nlm.nih.gov/pathogens) on Oc-
tober 24, 2023, to identify Enterobacterales isolates 
from US dogs and cats containing any of the 5 ma-
jor carbapenemase gene families (23) (Figure 1). We 
designated Pathogen Detection clusters (predefined 
by NCBI as isolates within <25 allele differences from 
species-specific, whole-genome multilocus sequence 
typing schemes) containing CP-CRE collected from 
companion animal and human sources from the Unit-
ed States as One Health clusters for further analysis. 
We continued to add isolates to the One Health clus-
ters through February 23, 2024.

Metadata and Epidemiologic Data Collection
We downloaded metadata for isolates belonging to 
One Health clusters from the Pathogen Detection 

database (including host species, location, isolation 
source, etc.). Additional anonymized isolate and pa-
tient characteristic data were obtained for analyses, 
including patient state of residence, isolation source, 
and specimen type (i.e., colonization or clinical test). 
When specimen type information was missing, rectal 
swab samples were categorized as colonization tests, 
and samples from all other body sites were considered 
clinical specimens. Those additional data were ob-
tained from the CDC Antimicrobial Resistance Labo-
ratory Network (AR Lab Network), the University of 
Pennsylvania Veterinary Diagnostic Laboratory, and 
the Microbiology Laboratory at Texas A&M Univer-
sity Veterinary Medical Teaching Hospital. Linked 
data were not available or not requested from 7 hu-
man-origin sequences and 4 animal-origin sequences; 
for those sequences only, we used the metadata avail-
able in Pathogen Detection. To ensure confidentiality, 
state of residence for both human and animal patients 
were classified only by their AR Lab Network region 
of residence (24).

Bioinformatics Analysis
For each One Health cluster, we downloaded avail-
able isolate sequence assemblies from NCBI or gen-
erated with SKESA version 3.0.0 (25) with reads 
downloaded from the NCBI Sequence Read Archive 
(https://www.ncbi.nlm.nih.gov/sra) for samples 
without available assemblies. We identified the mul-
tilocus sequence types (STs) for all isolates using 
mlst version 2.23.0 (https://github.com/tseemann/
mlst) with PubMLST typing schemes (26). We deter-
mined genetic similarity among CP-CRE sequences 
of human-origin and animal-origin isolates within 
the same ST by core-genome multilocus sequence 
typing (cgMLST) to provide a standardized basis of 
comparison across multiple STs and cluster sizes. 
We applied publicly available cgMLST schemes for 
E. coli (2,513 loci) from EnteroBase (27) and K. pneu-
moniae (2,537 loci) from Institut Pasteur (28) as pre-
viously described (29). For Enterobacter cloacae, we 
constructed an ad hoc cgMLST scheme with 4,229 loci 
from the 41 CP-CRE isolates within the identified One 
Health clusters using Roary (https://github.com/
rastanton/cgMLST_Scripts; 30). We constructed phy-
logenetic dendrograms from cgMLST allele differ-
ences using the unweighted pair group method with 
arithmetic mean. We annotated the cgMLST trees 
with AR Lab Network regions of collection and host 
species (dog, cat, and human) using iToL version 4.0 
(https://github.com/tseemann/mlst). We calculated 
the cgMLST allele differences within each cluster for 
different host pairs (e.g., human–human, human–

342	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 3, March 2026



Enterobacterales in Humans and Companion Animals 

animal, animal–animal) and summarized them using 
statistics tools from NumPy (31).

Data Validation
We verified isolate host information with epidemio-
logic data. We excluded isolate sequences if they were 
from sources other than humans or companion ani-
mals, they were duplicate sequences from the same 
isolate, if an isolate was <3 cgMLST allele differences 
from another isolate collected from the same patient 
on the same day, or if the sequence was not from 
paired-end reads.

Results

Dataset Generation
As of February 23, 2024, a total of 246 CP-CRE isolate 
sequences from US companion animals were avail-
able in the NCBI Pathogen Detection database (Figure 
1), 26 isolates from cats (11%) and 220 isolates from 
dogs (89%). Most isolates harbored blaNDM (236 [96%]). 
Among the isolates with blaNDM, 56% (n = 131) were E. 
coli, 31% were E. cloacae (n = 72), and 14% were K. pneu-
moniae (n = 33). Nine isolates harbored blaKPC; 7 were 
E. cloacae, 1 was E. coli, and 1 was Klebsiella oxytoca.  

A single OXA-48–like–producing K. oxytoca isolate 
from companion animals was also identified.

Among the 246 US isolates from companion ani-
mals, 169 (69%) belonged to 11 One Health clusters 
(Table 1; Appendix 1 Table 1, https://wwwnc.cdc.
gov/EID/article/32/3/25-1458-App1.xlsx), which 
included 393 human-origin isolates. All clustered iso-
lates were collected during January 2016–February 
2024, a period that marked a rapid increase in the use 
of WGS; 10 times more US CP-CRE sequences were 
uploaded to NCBI in 2023 than were uploaded in 
2016 (Appendix 2 Figure 1, https://wwwnc.cdc.gov/
EID/article/32/3/25-1458-App2.pdf).

Isolate and Patient Characteristics
Among the 562 isolates in One Health CP-CRE clusters, 
E. coli was the most common species (88%, n = 493), fol-
lowed by E. cloacae (7%, n = 41) and K. pneumoniae (5%, 
n = 28) (Table 2). All isolates harbored NDM-family 
carbapenemases; 92% (n = 519) had blaNDM-5 and 8% (n 
= 43) had blaNDM-7. Seven isolates from humans, all from 
the largest E. coli One Health cluster (ST167 cluster 3) 
(Table 2), also carried carbapenemases from different 
families (4 with OXA-48–like and 3 with KPC genes) 
(Appendix 1 Table 2) in addition to blaNDM-5.
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Figure 1. Workflow for identification 
and inclusion of genetically related 
US companion animal and human 
CP-CRE isolates using the NCBI 
Pathogen Detection database used in 
study of genetically similar high-risk 
strains of carbapenemase-producing 
Enterobacterales in humans and 
companion animals, United States. 
CP-CRE, carbapenemase-producing 
carbapenem-resistant Enterobacterales; 
IMP, imipenemase metallo-β-
lactamase; KPC, K. pneumoniae 
carbapenemase; NCBI, National Center 
for Biotechnology Information; NDM, 
New Delhi metallo-β-lactamase; OXA, 
oxacillinase; VIM, Verona integron-
encoded metallo-β-lactamase.
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Among isolates with available data, 75% 
(126/168) of companion animal-origin isolate se-
quences were collected for colonization screening, 
compared with 5% (21/388) of the human isolates 
(Table 1). Seventy-two percent of human clinical iso-
lates were collected from urine (261/365), whereas 
those from companion animals were divided rough-
ly equally among the respiratory tract (tracheal wash 
or bronchoalveolar lavage samples, 33%, 14/42), 
wounds (29%, 12/42), and urine (26%, 11/42).

The One Health cluster isolates were from 386 
unique human patients and 158 companion ani-
mal patients. Compared with the broad geographic 
distribution of human-origin isolates, companion 
animal isolates were concentrated in 2 neighboring 
regions; 77% (119/154) were from the Mid-Atlantic 
or Northeast.

Cluster Characteristics and Genetic Analyses
Of the 11 One Health clusters, 8 were from E. coli. The 
11 clusters were composed of 8 unique STs; 2 E. coli 
STs were associated with multiple clusters (ST162 [2 
clusters] and ST167 [3 clusters]) (Table 2). The size of 
the clusters varied from 2 isolates (E. coli ST162 clus-
ter 1) to 285 isolates (E. coli ST167 cluster 3) (Table 2). 
Seven clusters contained isolates collected from dogs, 

cats, and humans, whereas 4 contained isolates col-
lected from humans and dogs only. The fraction of 
human isolates within clusters varied from 6% (K. 
pneumoniae ST11 [1/18]) to 96% (E. coli ST167 cluster 
3 [275/285]). Of the CP-CRE isolates from companion 
animals that were not part of One Health clusters, 59% 
(49/77) were from the same STs as the One Health 
clusters (E. coli ST162 and ST167, K. pneumoniae ST307, 
and E. cloacae ST171) (Appendix 1 Table 1).

To investigate whether the isolates from hu-
mans and companion animals within One Health 
clusters were genetically distinct from one another, 
we compared cgMLST allele differences between 
human–human, human–animal, and animal–ani-
mal isolate pairs (Figure 2). The interquartile rang-
es overlapped across all 3 pairwise categories. The 
median allele difference for human–animal pairs 
was lower than that for human–human pairs across 
all 3 CP-CRE species. Plots of the relative frequen-
cies of within-cluster pairwise allele differences by 
CP-CRE species also showed overlapping human–
human and human–animal pair distributions (Ap-
pendix 2 Figure 2).

Eight of the One Health clusters (representing 
each of the 3 species and all STs) contained human–
animal isolate pairs that were 0–1 cgMLST allele dif-
ferences apart (Appendix 1 Table 2). Seven of those 
clusters included human–animal pairs that were re-
lated within 0–1 cgMLST allele differences and col-
lected from the same region (examples in Figure 3).

Discussion
Our analysis of CP-CRE sequences in the NCBI Patho-
gen Detection database found >240 isolates collected 
from US companion animals; nearly 70% clustered 
with isolates from humans. Those One Health clus-
ters included isolates from 3 different bacterial species 
and 8 unique STs, and all harbored NDM-family car-
bapenemase genes. All cluster isolates were collected 
during a period that coincided with the rapid emer-
gence of the NDM family of carbapenemase genes in 
US human patients (32,33). The One Health clusters 
included very closely genetically related isolate pairs 
from human and companion animals and many geo-
graphically linked genetic subclusters. Those findings 
support that emerging CP-CRE populations carried 
by companion animals are not genetically distinct 
from those isolated from humans and that strains are 
likely being shared among hosts.

Each of the STs identified in this analysis have 
been recognized as globally disseminated, high-risk 
strains (i.e., known to disseminate antimicrobial resis-
tance genes) and have previously been isolated from 
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Table 1. Companion animal and human CP-CRE isolates 
included in One Health clusters in study of genetically similar 
high-risk strains of carbapenemase-producing Enterobacterales 
in humans and companion animals, United States* 
Characteristic Companion animal Human 
No. isolates† 169 393 
Specimen type n = 168 n = 388 
 Colonization test 126 (75) 21 (5) 
 Clinical test 42 (25) 367 (95) 
Source (for clinical tests) n = 42 n = 365 
 Respiratory Tract 14 (33) 8 (2) 
 Urine 11 (26) 261 (72) 
 Wound 12 (29) 17 (5) 
 Blood 0 48 (13) 
 Other 5 (12) 31 (8) 
No. unique patients n = 158‡ n = 386§ 
 Dogs 145 (92) NA 
 Cats 13 (8) NA 
Patient region of residence¶ n = 154 n = 379 
 Central 9 (6) 32 (8) 
 Mid-Atlantic 78 (51) 60 (16) 
 Midwest 22 (14)# 41 (11) 
 Mountain 1 (1) 89 (23) 
 Northeast 41 (27) 57 (15) 
 Southeast 3 (2) 36 (9) 
 West 0 64 (17) 
*Values are no. (%) except as indicated. CP-CRE, carbapenemase-
producing carbapenemase-resistant Enterobacterales; NA, not applicable. 
†Isolates or patients with missing data were excluded from corresponding 
denominators. 
‡Eleven unique isolates were collected from 1 cat and 6 dogs. 
§Seven unique isolates were collected from 5 humans. 
¶Centers for Disease Control and Prevention Antimicrobial Resistance 
Laboratory Network regions (24). 
#Includes 18 animals known to have been imported from other countries. 
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companion animals (13,16,34–38). E. coli with blaNDM-5 
was the most frequent species and carbapenemase al-
lele combination in One Health clusters. Of the 5 E. 
coli STs (ST167, ST410, ST361, and ST617) identified, 4 
are also among the most common NDM-5–producing 
human strains worldwide and were recently linked 
to community associated NDM-producing CRE cas-
es in the United States (39–41). The most frequently 
identified of those, NDM-5–producing E. coli ST167, 
has caused outbreaks among companion animals at 
a veterinary hospital and an animal rescue facility in 
the United States and has been implicated in trans-
mission between humans and companion animals in 
Europe (19,20).

Although our results provide evidence that ex-
change of CP-CRE between humans and companion 
animals is occurring in the United States, no estab-
lished thresholds of relatedness (i.e., cgMLST allele 
differences) can be interpreted as absolute evidence 
of direct or indirect transmission (e.g., by exposure to 
a shared contaminated environment) or directionality 
(i.e., whether transmission occurred from humans to 
animals or vice versa) in the absence of clear epidemi-
ologic links. The data do suggest that the emergence 
of CP-CRE among humans and companion animals 
in the United States is primarily driven by clonal ex-
pansion of strains that might be better suited for com-
munity spread, instead of horizontal transfer of car-
bapenemase genes into otherwise unrelated strains.

Most (75%) animal CP-CRE isolates in this study 
were found through colonization screening; those 
tests are used to identify persons or animals that 
might be asymptomatically shedding the organisms, 
usually to contain outbreaks or prevent introducing 
CP-CRE into healthcare facilities or veterinary hospi-
tals (42). That finding confirms other reports that com-
panion animals can silently carry zoonotic CP-CRE, 
which might accelerate spread of such organisms in 
community settings (43,44). Our findings of shared 
strains between companion animals and humans, as 
well as reports of outbreaks in veterinary facilities, 
highlight the potential risks of transmission to other 
companion animals, pet owners, and veterinary staff. 
Although the frequency of transmission is unknown, 
a study in Switzerland found 2 separate instances 
of veterinary hospital employees colonized with the 
same strain that had been identified in animals in 
their respective veterinary hospitals (20). That find-
ing reinforces the importance of adhering to routine 
infection prevention and control measures to prevent 
spread within veterinary hospitals, among animal 
patients, and between animal patients and veterinary 
staff (14,18,20,37,45,46).
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Figure 2. Frequency boxplots of pairwise within-cluster cgMLST 
allele distances among carbapenemase-producing carbapenem-
resistant Enterobacterales isolates collected from humans and 
companion animals in study of genetically similar high-risk strains 
of carbapenemase-producing Enterobacterales in humans and 
companion animals, United States. Pairwise cgMLST allele 
distances were calculated between pairs within individual clusters 
and depicted by bacterial species with Escherichia coli (A), 
Klebsiella pneumoniae (B), and Enterobacter cloacae (C). Box top 
and bottom boundaries depict 25th and 75th quartiles, horizontal 
lines within boxes depict median values, dots represent individual 
data points, and whiskers represent datapoints within 1.5 
times the interquartile range. cgMLST, core-genome multilocus 
sequence typing.
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The first limitation of our study is that we used a 
convenience sample of publicly available WGS data, 
which are not representative of the true burden or 
characteristics of CP-CRE in companion animals or 
humans and might be skewed by the overrepresen-
tation of closely related sequences associated with 
outbreaks (e.g., the E. coli sequences included dozens 
of sequences from 2 known companion animal out-
breaks). In addition, most companion animal sam-
ples were from only 2 regions, the Mid-Atlantic and 
Northeast, the same regions in which CP-CRE out-
breaks in US veterinary hospitals have been reported 
(14,18). Therefore, the results might underestimate 
the diversity and distribution of CP-CRE in compan-
ion animals across the United States.

Our results demonstrate that CP-CRE in compan-
ion animals and humans are genetically very similar 
and include many diverse, high-risk sequence types 

commonly associated with infections and outbreaks 
in human healthcare settings. That finding suggests 
that both companion animals and humans serve as 
reservoirs for high-risk CP-CRE strains; community 
reservoirs of historically healthcare-associated patho-
gens have the potential to increase CP-CRE infections 
in otherwise healthy humans and pets. Coordinated 
efforts between human and animal health sectors are 
warranted to mitigate further spread of such highly 
antimicrobial-resistant bacteria.
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Strongyloidiasis, caused by Strongyloides nema-
todes, is a zoonotic disease with public health 

and veterinary implications worldwide (1). The 
World Health Organization classifies strongyloidiasis 
among neglected tropical diseases requiring urgent 
control in endemic regions (2). Current estimates sug-
gest that >600 million persons are infected globally, 
predominantly in tropical and subtropical areas (3). 
Strongyloides stercoralis and S. fuelleborni nematodes 

are the main species infecting humans; transmission 
typically occurs through transcutaneous exposure. 
More severe infections are primarily attributed to S. 
stercoralis nematodes, which are capable of autoinfec-
tion and can lead to severe systemic disease, particu-
larly in immunocompromised persons; infection can 
result in death in extreme cases. Uncomplicated infec-
tions often manifest in gastrointestinal, pulmonary, 
or dermatological symptoms (4).

Molecular analyses of S. stercoralis nematodes 
have revealed 2 primary lineages: the potentially 
zoonotic lineage A, which involves dogs as po-
tential reservoirs for human infection, and lineage 
B, which is largely restricted to canine hosts (5,6). 
Conversely, S. fuelleborni nematodes, although 
less common, are confined to nonhuman primates 
(NHPs) in Africa and Asia, occasionally spilling 
over to humans (1). Despite numerous documented 
cases, the true global prevalence of strongyloidiasis 
remains uncertain because of limited surveillance 
and underdiagnosis, compounded by the asymp-
tomatic nature of many infections and the lack of 
standardized diagnostic tools (7,8).

The Central African Republic (CAR), one of 
the world’s most resource-constrained countries 
(9), ranks 191st out of 193 on the 2022 United Na-
tions Human Development Index (10). Its tropi-
cal ecosystems, which are rich in biodiversity and 
wildlife (11), create favorable conditions for zoo-
notic disease circulation (12). Frequent interactions  
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Strongyloides stercoralis nematode infection occurs in 
≈600 million persons worldwide and is listed by the World 
Health Organization as a neglected tropical disease. 
Understanding zoonotic potential is critical, especially 
in areas where humans, domestic animals, and wildlife 
interact. We explored cross-species sharing of Stron-
gyloides roundworms by analyzing fecal samples from 
humans, dogs, and nonhuman primates in the Dzanga-
Sangha Protected Areas, Central African Republic. We 
detected positive samples by quantitative PCR and 
assessed genetic diversity through amplification of the 
18S rRNA HVR-IV region and cox1, followed by high-
throughput sequencing. Strongyloides prevalence was 
high in humans, dogs, and gorillas. S. stercoralis hap-
lotype A roundworm dominated in humans but appeared 
in dogs and apes, whereas S. fuelleborni nematode was 
present in all hosts. Shared species and haplotypes in-
dicated zoonotic transmission. Our findings highlight the 
need for molecular surveillance and emphasize the role 
of dogs and nonhuman primates as reservoirs, compli-
cating efforts to control infections in human populations.
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among humans, NHPs, domestic animals, and 
wildlife encourage the spread of infectious dis-
eases (13), including Strongyloides nematodes  
(14). Dogs often act as ecologic bridges as a result of 
their hunting and scavenging behaviors (15). Soil-
transmitted helminth infections remain among the 
most prevalent public health challenges in CAR 
(16); Strongyloides nematodes pose a particular con-
cern for both human and NHP populations (14,17).

This study investigates the role of potential ani-
mal reservoirs in human Strongyloides infections with-
in the Dzanga-Sangha Protected Areas (DSPA), CAR, 
where humans, NHPs, and domestic dogs interact 
closely at the human–wildlife interface. By using mo-
lecular genotyping, we analyzed the diversity and 
sharing of Strongyloides haplotypes among humans, 
NHPs, and dogs to inform control strategies in com-
plex multihost systems.

Materials and Methods

Study Design and Participants
The study was conducted in the DSPA in CAR (Figure 
1) during 2016–2022, a location known for habitua-
tion of western lowland gorillas (Gorilla gorilla gorilla)  
to human presence and home of traditional BaAka 
hunter-gatherer communities living in close con-
tact with wildlife. DSPA consists of several zones 
at varying levels of protection, including the strict-
ly protected Dzanga-Ndoki National Park and the 
Dzanga-Sangha Special Reserve, a multiuse area 
where human activities are regulated to varying ex-
tents (Figure 1). The research complied with the le-
gal requirements of the CAR and with all research, 
ethical, and sample transport approvals (Appendix 
1, https://wwwnc.cdc.gov/EID/article/32/3/25-
0526-App1.pdf).

Figure 1. Location of study site in 
analysis of Strongyloides genetic 
diversity among humans, dogs, and 
nonhuman primates, Dzanga-Sangha 
Protected Areas, Central African 
Republic, 2016–2022. Inset shows 
location of Central African Republic in 
Africa. Figure adapted and adjusted 
from Hasegawa et al. (18).
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Samples were collected from humans and do-
mestic dogs from 2 villages located within the Special 
Reserve, whereas wildlife samples were collected in 
the National Park. Fresh stool samples were obtained 
from BaAka trackers who worked directly with NHPs 
in the National Park and also entered the Special Re-
serve (n = 18), as well as from humans residing in the  
villages (n = 32), who access the Special Reserve for 
daily activities such as gathering or hunting. Sam-
ples were also collected from dogs (n = 47), which 
were further categorized as hunting dogs entering 
the Special Reserve (n = 35) and guarding dogs (n 
= 12). Wildlife samples consisted of samples from 
western lowland gorillas (n = 101) at different levels 
of habituation, unhabituated central chimpanzees 
(Pan troglodytes troglodytes, n = 7), and a habituated 
group of agile mangabeys (Cercocebus agilis, n = 50). 
Samples were collected as part of health surveil-
lance efforts (Appendix 2 Table 1, https://wwwnc.
cdc.gov/EID/article/32/3/25-0526-App2.xlsx). Ap-
proximately 1 g of feces was collected and immedi-
ately fixed in 96% ethanol and stored at –20°C before 
DNA isolation.

Procedures
We dried fecal samples overnight at 37°C to evaporate 
the ethanol. We isolated total DNA using the Power-
Soil DNA isolation kit (QIAGEN, https://www.qia-
gen.com). The extracted DNA was first screened by 
quantitative PCR (qPCR) targeting the small subunit 
(18S) rRNA gene specific to the genus Strongyloides 
(19) using the LightCycler 480 Real-Time PCR system 
(Roche, https://www.roche.com). We only included 
samples positive for Strongyloides in high-throughput 
library preparation. We used DNA extractions from 
Strongyloides PCR-negative feces and water as nega-
tive controls, whereas S. stercoralis first-stage larva 
was the positive control. All samples were prepared 
in technical PCR replicates (20). We prepared the 
high-throughput sequencing library using a 3-step 
PCR approach (Appendix 2 Table 2). We designed 
primers for the first PCR step, nested for the hyper-
variable region IV (HVR-IV) of the 18S rRNA gene 
and seminested for a portion of the mitochondrial cy-
tochrome c oxidase subunit 1 gene (cox1), to increase 
sensitivity and ensure sufficient yield of amplicons 
for downstream sequencing (Appendix 1). In the sec-
ond PCR step, we amplified the HVR-IV-18S rRNA 
and cox1 (21). In the final PCR step, we applied Nex-
tera primers with unique barcodes for each technical 
PCR replicate. We performed paired-end sequenc-
ing (2 × 300 bp) on the MGI DNBSEQ-G400 platform 
(MGI Tech, https://mgi-tech.eu).

We first demultiplexed raw fastq sequences and 
trimmed primer sequences using skewer version 0.2.2 
(22). We then filtered, dereplicated, and denoised 
trimmed sequences and merged paired reads in R ver-
sion 4.2.2 using the dada2 package (23). After process-
ing, the final amplicon lengths were 255 bp for the 18S 
rRNA region and 217 bp for the cox1. During merg-
ing, we marked amplicon sequencing variants (ASVs)  
inconsistently present in both PCR technical replicates 
as potential artifacts and removed them from down-
stream analyses. We searched for corresponding se-
quences against the National Center for Biotechnol-
ogy Information Nucleotide database (downloaded 
in February 2024) and excluded environmental, un-
cultured, <85% identity, and <90% coverage hits. We 
downloaded taxonomy using taxonomizer and used 
the created reference database to assign a taxonomic 
classification in our dataset through dada2’s Assign 
Taxonomy method (24).

Statistical Analysis
We analyzed all data using the statistical soft-
ware RStudio (https://www.rstudio.com). We 
assessed statistical differences in Strongyloides oc-
currence between trackers and villagers and be-
tween hunting and guard dogs using the χ2 test. 
We generated a bar plot to depict the propor-
tion of Strongyloides haplotypes of HVR-IV-18S 
rRNA in each sample for better resolution. For 
cox1 haplotypes, we constructed a median-join-
ing network and visualized using Population 
Analysis with Reticulate Trees (PopART, https:// 
popart.maths.otago.ac.nz). In addition, we per-
formed a phylogenetic analysis using the MrBayes 
plugin in Geneious 9.1.5 (https://www.geneious.
com) to complement the network approach and 
assess the phylogenetic placement of the detected 
haplotypes. To examine differences in α diversity, 
assessed as ASVs richness (number of ASVs per 
sample), we applied a generalized linear model 
(GLM) with a quasipoisson error distribution. We 
conducted posthoc pairwise comparisons using the 
Tukey test to identify specific differences among 
the studied host groups. We evaluated communi-
ty composition diversity by analyzing the relative 
representation of HVR-IV-18S rRNA and cox1 ASVs 
using Bray-Curtis ecologic distances. We visualized 
the clustering patterns with principal coordinate 
analysis (PCoA). To test for interspecific differenc-
es in Strongyloides nematode community composi-
tion among hosts, we performed a permutational 
analysis of variance (PERMANOVA), followed by 
similarity analysis (ANOSIM).

Strongyloides Genetic Diversity, CAR, 2016–2022
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Results

Strongyloides qPCR Detection
The number of Strongyloides-positive samples by 
qPCR was high across all studied host species; rates 
were 76% (38/50) in humans, 60% (28/47) in dogs, 
59% (58/101) in gorillas, 43% (3/7) in chimpanzees, 
and 38% (19/50) in mangabeys. Among humans, 
BaAka gorilla trackers exhibited a slightly higher,  
although nonsignificant (χ2 = 0.83; p = 0.36), prevalence 
of infection (83.3% [15/18]) than that observed in 
villagers (71.9% [23/32]). Similarly, hunting dogs, 
which actively venture into the forest, showed a 
significantly (χ2 = 12.32; p = 0.0004) higher prevalence 
(74.3% [26/35]) than did guard dogs, which remain in 
villages (16.7% [2/12]). All qPCR-positive samples were 
further successfully sequenced with both targets (HVR-
IV-18S rRNA and cox1), except for 3 mangabey samples 
that were near the detection threshold (cycle threshold 
≈33–34), which likely explains their sequencing failure.

Strongyloides HVR-IV-18S rRNA Diversity
Genotyping identified a total of 11,472,181 high-quali-
ty HVR-IV-18S rRNA reads, with a median sequencing 
depth of 74,200 (range 1,221–302,518) per sample. Tax-
onomic analysis identified a total of 24 ASVs (Table). 
Six clustered into already known Strongyloides haplo-
types: haplotype A of S. stercoralis and haplotypes K, L, 
M, P, and T of S. fuelleborni. Five S. fuelleborni ASVs did 
not match with any previously described haplotypes. 
Those ASVs were detected in only 9 samples (9/140 
[6.4%]). Three haplotypes were host-specific (detected 
exclusively in human, dog, or gorilla), whereas 2 hap-
lotypes were shared (1 between gorilla and mangabey 
and the other between human and dog). Six ASVs 
were classified as uncharacterized Strongyloides species 
and were found in 14 samples (14/140 [10%]). Three 
ASVs were detected in a single host, each occurring 
exclusively in mangabeys, whereas the remaining 3 
were shared (2 between humans and dogs, and 1 with-
in mangabeys). Last, 7 unassigned ASVs, detected in 
19% of the samples, were tentatively classified as being 
most closely related to the order Rhabditida.

Overall, S. fuelleborni nematodes dominated across 
all studied hosts; haplotype L was the most prevalent  
variant (93.8% of total prevalence). Potentially zoo-
notic haplotype A of S. stercoralis nematodes was 
detected in 29% of samples from humans, dogs, 
and gorillas (Table). Relative abundances bar plot  
of Strongyloides HVR-IV-18S rRNA ASVs shows in-
terspecific differences in Strongyloides community 
composition depending on host species (Figure 2). 
Humans were predominantly infected with S. fuel-
leborni haplotype L and S. stercoralis haplotype A 
(Table; Figure 2, panel A). S. stercoralis haplotype A 
was detected less frequently in BaAka gorilla trackers 
(67%) than in their village-dwelling relatives (78%), 
although that difference was not statistically sig-
nificant (χ2 = 0.63; p = 0.43); haplotype A was absent 
in guard dogs but present in 30% of hunting dogs. 
NHPs were mainly infected with S. fuelleborni hap-
lotype L. Unclassified S. fuelleborni and other unas-
signed Strongyloides variants were predominantly 
found in mangabeys (Table).

Zoonotic Potential of Strongyloides Roundworm  
on the Basis of HVR-IV-18S rRNA
The highest number of Strongyloides HVR-IV-18S 
rRNA ASVs (8) was shared between humans and 
dogs, accounting for 33.3% of all observed ASVs. 
Those included haplotype A of S. stercoralis, haplo-
types K, L, M, and P of S. fuelleborni, 1 unclassified 
S. fuelleborni (ASV_19), and 2 unidentified Strongyloi-
des spp. (ASV_14 and ASV_21). Four ASVs (16.6% of 
all observed ASVs), haplotype A of S. stercoralis, and 
haplotypes K, L, and P of S. fuelleborni were shared 
between humans and NHPs. Haplotype A of S. sterco-
ralis and haplotypes K, L, and P of S. fuelleborni were 
shared across humans, dogs, and gorillas (Figure 2, 
panel A).

Differences in Strongyloides HVR-IV-18S  
rRNA Communities
The number of ASVs per sample did not differ sig-
nificantly among host species, as determined by a 
GLM (p>0.1) and subsequent Tukey test (Figure  

Table. Prevalence of individual Strongyloides hypervariable region IV 18S rRNA haplotypes assessed from quantitative PCR–positive 
samples across host species in study of Strongyloides genetic diversity, Central African Republic, 2016–2022 

Haplotype 
No. (%) 

Humans, n = 38 Dogs, n = 28 Gorillas, n = 58 Chimpanzees, n = 3 Mangabeys, n = 16 
S. stercoralis A 28 (73.7) 7 (25) 7 (12.1) 0 0 
S. fuelleborni K 9 (23.7) 6 (21.4) 4 (6.9) 0 0 
S. fuelleborni L 38 (100) 26 (92.8) 54 (93.1) 3 (100) 13 (81.3) 
S. fuelleborni M 7 (18.4) 9 (32.1) 0 0 0 
S. fuelleborni P 1 (2.6) 1 (3.6) 38 (65.5) 3 (100) 10 (62.5) 
S. fuelleborni T 1 (2.6) 0 0 0 0 
S. fuelleborni unclassified 2 (5.3) 3 (10.7) 2 (3.4) 0 2 (12.5) 
Strongyloides unclassified 3 (7.9) 4 (14.3) 3 (5.2) 0 4 (25) 
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2, panel B). However, the PCoA diagram based on  
Bray-Curtis ecologic distances revealed distinct differ-
ences in Strongyloides community composition among 

humans, dogs, and NHPs (Figure 2, panel D). Those 
differences were further statistically confirmed by  
PERMANOVA (F(4,137) = 11.372; p = 0.001) and ANOSIM 

Figure 2. Relative community 
composition of Strongyloides 
HVR-IV-18S rRNA haplotypes 
across examined hosts in study 
of Strongyloides genetic diversity 
among humans, dogs, and 
nonhuman primates, Dzanga-
Sangha Protected Areas, Central 
African Republic, 2016–2022. A) 
Relative abundance of haplotypes 
shown as color panels; each 
column represents a single 
sample. B) Boxplot showing 
the α diversity of Strongyloides 
HVR-IV 18S rRNA haplotypes, 
represented by the number of 
ASVs per sample (dots) grouped 
by host species. C) Boxplot 
showing the α diversity of 
Strongyloides cox1 haplotypes 
represented by the number of 
ASVs per sample (dots) grouped 
by host species. D) Beta diversity 
of Strongyloides HVR-IV 18S 
rRNA haplotype communities, 
based on Bray-Curtis ecologic 
distances (relative abundance of 
reads), visualized using principal 
coordinate analysis ordination 
diagrams. E) Principal coordinate 
analysis showing the β diversity 
of Strongyloides cox1 haplotypes. 
Color silhouettes (A-C) and 
data points (D, E) indicate host 
species: light green, human; olive 
green, dog; blue, gorilla; red, 
chimpanzee; violet, mangabey. 
ASV, amplicon sequencing 
variant; HVR-IV, hypervariable 
region IV.

Strongyloides Genetic Diversity, CAR, 2016–2022
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(R  =  0.3435; p = 0.001) tests. The overlap in Stron-
gyloides communities was greater between humans  
and dogs, whereas communities within NHPs were 
more similar but distinct from those of humans and 
dogs (Figure 2, panel D).

Strongyloides cox1 Diversity and Zoonotic Potential
We identified a total of 3,381,999 reads based on cox1; 
the median sequencing depth was 2,314 (range 75–
56,108) per sample. Taxonomic assignment revealed 
62 Strongyloides ASVs and 72 unassigned variants, 
which we tentatively classified as closest to the or-
der Rhabditida. The 62 Strongyloides ASVs were used 
to construct a median-joining phylogenetic network 
(Figure 3) and Bayesian phylogeny (Figure 4).

The nucleotide diversity was high (N = 0.076), 
and 52 of the ASVs were parsimony informative. 
The haplotype network consisted of 25 S. sterco-
ralis, 31 S. fuelleborni, and 6 unclassified Strongy-
loides ASVs. The network revealed divergence in 
ASVs on the basis of host specificity. S. stercoralis 
ASVs were primarily shared between humans and 
dogs, with occasional overlap with gorillas. Hap-
lotype ASV_7 was most common in dogs, whereas 
ASV_14 was most frequent in humans. Chimpan-
zees shared only 1 haplotype (ASV_117) with goril-
las, and intriguingly, haplotype ASV_43 was found 
exclusively in gorillas (Figure 3). In the phylogenetic  

tree, all ASVs of S. stercoralis cluster within potentially 
zoonotic lineage A (Figure 4). S. fuelleborni ASVs all 
clustered to S. fuelleborni Africa clade (Figure 4) and 
displayed host-specific divergence (Figure 3). Humans 
shared S. fuelleborni haplotypes mostly with dogs and 
occasionally with gorillas, whereas other haplotypes 
were restricted to NHPs. The ASV_2 haplotype was 
most common in both humans and dogs, whereas 
ASV_6 was predominant in gorillas and mangabeys. 
Haplotypes of unclassified Strongyloides species were 
detected only in dogs (Figure 4). The first cluster, con-
sisting of ASV_30, ASV_99, and ASV_191, formed a 
well-supported branch closely related to S. venezu-
elensis. The second cluster, represented by ASV_183 
and ASV_72, grouped between S. planiceps and S. 
ratti but with low nodal support. The final lineage, 
ASV_102, formed a separate, also weakly supported 
branch positioned between S. ratti, S. procyonis, and 
unclassified Strongyloides spp. found in Bornean slow 
lorises. Overall, the median-joining phylogenetic net-
work and Bayesian phylogeny were highly comple-
mentary, revealing host-associated divergence in S. 
stercoralis and S. fuelleborni and highlighting distinct 
clustering of unclassified Strongyloides taxa.

Differences in Strongyloides cox1 Communities
cox1 ASV richness differed significantly among the 
studied hosts (GLM F(4,134) = 253.93; p<0.0001). Tukey 

Figure 3. Median-joining Strongyloides haplotype network for the mitochondrial cox1 gene studied in various host species in study 
of Strongyloides genetic diversity among humans, dogs, and nonhuman primates, Dzanga-Sangha Protected Areas, Central African 
Republic, 2016–2022. Each circle represents 1 haplotype; circle size indicates the number of hosts harboring the respective haplotype. 
The colors inside the circles indicate the host species: light green, human; olive green, dog; blue, gorilla; red, chimpanzee; violet, 
mangabey. The hatch marks beside the branches indicate the number of mutation steps between the haplotypes. Missing haplotypes 
are indicated by small black circles. Shaded ovals indicate species/lineage type. ASV, amplicon sequencing variant.
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Figure 4. Bayesian phylogenetic tree based on 
Strongyloides spp. cox1 (700 bp) sequences 
derived from study of Strongyloides genetic diversity 
among humans, dogs, and nonhuman primates, 
Dzanga-Sangha Protected Areas, Central African 
Republic, 2016–2022. Tree also includes sequences 
downloaded from GenBank; accession numbers are 
provided. The alignment was performed in Geneious 
(https://www.geneious.com) using the general time-
reversible model of nucleotide substitution with 
gamma distribution. Branch lengths indicate expected 
substitutions per site. Necator americanus (accession 
no. AJ417719.2) was included as an outgroup. Node 
support was estimated from 106 iterations. Color 
silhouettes indicate host species: light green, human; 
olive green, dog; blue, gorilla; red, chimpanzee; 
violet, mangabey. Colored boxes indicate species/
lineage type. ASV, amplicon sequencing variant; 
CAR, Central African Republic.

Strongyloides Genetic Diversity, CAR, 2016–2022
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posthoc testing revealed that dogs differed signifi-
cantly from all other hosts (p<0.01 for all pairwise 
comparisons), whereas mangabeys also differed sig-
nificantly from humans and gorillas (p<0.01) (Fig-
ure 2, panel C). We observed no significant differ-
ences between the remaining host pairs. The PCoA  
diagram based on Bray-Curtis ecologic distances fur-
ther confirmed clear differences between humans, 
dogs, and NHPs (Figure 2, panel E), supporting the 
findings of the haplotype network analysis. Those 
differences in the composition of Strongyloides infec-
tions between host species were further statistically 
confirmed by PERMANOVA (F(4,135)  =  11.192; p = 
0.001) and ANOSIM (R = 0.3438; p = 0.001) tests.

Discussion
We investigated Strongyloides nematode diversity and 
haplotype sharing among humans, dogs, and NHPs 
cohabiting in the DSPA, CAR, to assess zoonotic 
potential and multihost transmission (25). A previ-
ous study from the DSPA investigated Strongyloides 
nematodes in humans, gorillas, and chimpanzees, re-
porting S. stercoralis exclusively in humans and iden-
tifying different haplotypes of S. fuelleborni in gorillas 
and chimpanzees than those found in humans (14). 
However, that study was limited by a small sample 
size of larvae and did not include dogs, which are 
potential hosts. Our study highlights the critical im-
portance of employing modern diagnostic approach-
es and examining a broader range of hosts from the 
same locality to better understand Strongyloides shar-
ing in the ecosystem.

Our genotyping approach revealed a remark-
able degree of genetic diversity within Strongyloides 
species, reflecting the complexity of their popula-
tions, and further identified the sharing of specific 
haplotypes across different host species. Of note, S. 
fuelleborni, likely originating from NHPs, dominated 
across all hosts; haplotype L was the most prevalent 
variant. Zoonotic S. stercoralis haplotype A was ob-
served primarily in humans, dogs, and gorillas. This 
variation in prevalence underscores the host-specific 
transmission dynamics and the role of local ecolog-
ic factors in determining Strongyloides distribution. 
Those findings emphasize the need for a One Health 
approach (26) because of the zoonotic potential of S. 
stercoralis nematodes and the species’ strong connec-
tion to the environment.

Despite the identification of dominant haplo-
types, the proportion of Strongyloides sequences re-
mains unclassified, highlighting the limitations of 
short-marker–based phylogenetic inference. Unclas-
sified S. fuelleborni haplotypes were detected in all 

host species except chimpanzees, for which only a 
limited dataset was available. Those sequences likely 
reflect previously undetected diversity, because addi-
tional haplotypes have been reported with expanded 
sampling. Given the limited data currently avail-
able from sites in Africa (27), further haplotypes are  
expected to emerge as sampling across hosts and re-
gions improves.

Several unclassified ASVs clustered with S. vene-
zuelensis with high nodal support, whereas other un-
classified ASVs formed clusters with very low sup-
port, rendering their classification unreliable. The 
placement of such lineages, based solely on short 
cox1 fragments, is highly challenging, because those 
sequences might lack sufficient phylogenetically in-
formative sites to resolve relationships among close-
ly related or cryptic taxa. Similar issues have been 
reported previously (e.g., short cox1 fragments were 
insufficient for precise taxonomic resolution of cryp-
tic Strongyloides in dogs [28]). Therefore, integrating 
comprehensive genetic data, such as longer mito-
chondrial sequences or genomic information from 
individual larvae, with morphological analyses of 
larvae and adult or paratenic females is crucial for 
resolving the taxonomy and evolutionary relation-
ships of unclassified Strongyloides spp.

We recognize the inherent limitations of single-
locus genotyping, because reliance on a single marker 
provides a restricted representation of genetic diver-
sity and might not reflect genome-wide variation. 
That limitation means substantially larger host sam-
ple sizes are required to achieve the same statistical 
power and robustness that whole-genome data can 
provide, because only by averaging across many in-
dividuals can stochastical effects at a single locus be 
mitigated. We also acknowledge that our reliance on 
fecal DNA, although advantageous as a noninvasive 
sampling method, can introduce issues related to 
DNA degradation, contamination, and allelic drop-
out, further constraining data quality. Thus, our 
conclusions should be interpreted with caution and 
viewed as complementary to, rather than a substitute 
for, genome-wide analyses.

Strongyloides communities were more similar be-
tween humans and dogs than between either of those 
hosts and NHPs. The highest proportion of shared 
haplotypes was observed between humans and dogs, 
accounting for 33.3% of all detected ASVs. This pat-
tern supports the involvement of dogs in the circula-
tion of S. stercoralis nematodes alongside humans in 
the DSPA (5,6). Consistent with this pattern, S. ster-
coralis haplotype A predominated in humans, sug-
gesting that human-associated circulation represents  
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a key component of Strongyloides nematodes occur-
rence in this setting and that dogs potentially act as 
secondary hosts.

Unexpectedly, sharing between humans and dogs 
was also observed for S. fuelleborni haplotypes K and 
M, a species previously considered to circulate primar-
ily in NHPs (14). The presence of haplotype M in both 
humans and dogs, with higher prevalence in dogs, is 
notable given its limited geographic reporting to date 
in humans, restricted to Senegal (21) and CAR (14). The 
high prevalence in dogs suggests a potential contribu-
tion to the environmental dissemination of S. fuelleborni 
nematodes within DSPA, although spurious infec-
tions associated with coprophagy cannot be excluded 
(29). Experimental infections of dogs with S. fuelleborni 
nematodes have been demonstrated (30), but natural in-
fections remain unconfirmed, and fecal metabarcoding 
alone cannot resolve the definitive host status of dogs.

ASVs shared between humans and NHPs in-
cluded S. stercoralis haplotype A and S. fuelleborni 
haplotypes K, L, and P, accounting for 16.6% of all 
observed ASVs; all of those were also detected in 
dogs. Strongyloides fuelleborni haplotype L, which is 
well established across all studied hosts, was previ-
ously reported only in gorillas (14) and in African 
vervets on St. Kitts (31). Although its origin remains 
speculative, its presence across host species suggests 
extensive host sharing within the DSPA. In contrast, 
haplotype P was predominantly detected in NHPs, 
which likely represent a key source of exposure for 
humans and dogs. Together, these patterns indicate 
shared circulation of Strongyloides nematodes among 
humans, dogs, and NHPs in the DSPA.

Given the soil-transmitted nature of Strongyloides 
nematodes and the close coexistence of hosts in DSPA, 
environmental exposure represents a major challenge 
for disease control (4). Although chemotherapy is 
effective in the short term to treat strongyloidiasis 
(32), high reinfection rates, autoinfection, free-living 
stages in soil, multiple host species, and emerging 
concerns about drug resistance complicate long-term 
elimination, particularly in tropical settings (33,34), 
highlighting the need for a comprehensive strategy. 
A crucial aspect of controlling strongyloidiasis is 
recognizing the role of wildlife in transmission. Be-
cause treating wildlife such as free-ranging NHPs is 
not feasible, effective control requires a One Health 
approach that considers humans, domestic animals, 
and the environment (26). Practical measures, includ-
ing proper latrine use and use of footwear to reduce 
soil contact, should complement treatment of infect-
ed persons (35). Ivermectin remains the treatment of 
choice (33), but its use must be carefully considered 

in regions with high Loa loa microfilaremia prevalence 
(36), as in CAR. Overall, the potential for rapid rein-
fection from multiple hosts underscores the need for 
integrated control strategies.

In conclusion, the close coexistence of multiple 
host species sharing Strongyloides infections in the 
DSPA likely contributes to the persistence of the par-
asite in this environment. Expanding investigations 
beyond humans to include domestic animals and 
wildlife is therefore essential, and our findings high-
light the relevance of a One Health approach that in-
tegrates those host groups (37). The observed overlap 
of S. stercoralis and S. fuelleborni haplotypes among 
humans, dogs, and NHPs reflects the complexity of 
host associations within this ecosystem. By adopting 
a multihost diagnostic approach, we provide direct 
insights into Strongyloides nematode sharing among 
hosts in the DSPA, informing more realistic and sus-
tainable control strategies.
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Blastomycosis is an environmentally acquired 
fungal disease caused by Blastomyces spp. Pul-

monary and systemic manifestations such as cough, 
chest pain, and fever are the most common (1). Blas-
tomycosis is often misdiagnosed, which can lead to 
inappropriate antibiotic drug use and increased use 
of healthcare services (2). Early detection and treat-
ment can improve patient outcomes, particularly in 
immunocompromised patients with an elevated risk 
for severe disease (3).

Blastomycosis can be severe; a substantial pro-
portion of cases reported through public health sur-
veillance require hospitalization (4,5). However, an 
estimated 50% of infections are asymptomatic (6). 
Detecting asymptomatic infections is necessary for as-
sessing exposure sources during outbreaks (6,7). Infec-
tions may be presymptomatic, and thus hard to detect, 
given the disease’s long incubation period of 2 weeks 
to 3 months (6,8), and reactivation of latent infections 
can occur after subsequent immunosuppression (9).

In 2023, a large outbreak of blastomycosis caused 
by Blastomyces gilchristii occurred among employees 
at a paper mill in northern Michigan, USA (10). A total 
of 162 cases were identified over the course of the out-
break, with a case prevalence of almost 20% among 

the mill employees (11). As part of a multiagency re-
sponse, the National Institute for Occupational Safety 
and Health (NIOSH) led a workplace evaluation and 
medical survey in late April 2023 that offered Blasto-
myces urine antigen testing to all mill employees and 
contractors (11,12). The aim was to identify previous-
ly undiagnosed cases among employees and to assess 
Blastomyces exposure to determine potential locations 
and activities within the mill where exposure might 
have occurred.

Exposure assessments during blastomycosis 
outbreaks traditionally evaluate immune respons-
es against the fungus by serologic or skin testing 
(6,7,13–15). However, skin tests are no longer widely 
available, and most serologic tests have low sensi-
tivity (16). Although a newly approved enzyme im-
munoassay antibody test offers improved sensitiv-
ity for serologic testing (17), it is unclear how long 
antibodies remain in blood, making it challenging 
to distinguish recent infections from historical expo-
sures in endemic areas (18). Blood collection poses 
financial and logistical constraints for large-scale 
exposure assessments, requiring trained phleboto-
mists, attention to biosafety concerns, and intensive 
laboratory processing. Further, participant consent 
for blood collection during outbreak investigations 
can be lower than for other specimen types (19).

Blastomyces urine antigen testing has high sensitiv-
ity in symptomatic populations (16). Urine samples are 
easier to collect and process than blood, and urine has 
generally higher consent rates for sampling. Antigen 
levels can remain detectable in urine for months after 
infection (20), but antigen levels decline quicker than 
serum antibodies (21). Therefore, positive urine anti-
gen tests might more accurately reflect recent infec-
tions, especially when used in endemic areas with po-
tentially elevated background antibody levels among 
the population. The test also has high specificity, except 
for substantial cross-reactivity with Histoplasma and 
other fungal pathogens (22). The test can have cross-re-
activity with other fungal pathogens because it targets 
galactomannan, a fungal cell wall component common 
to multiple fungal pathogens. However, cross-reac-
tivity is of less importance in outbreak settings where 
patients share common exposures to a known fungal 
pathogen. In this outbreak, 15 cases were confirmed by 
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Blastomyces urine antigen testing is a sensitive blas-
tomycosis diagnostic method, but its utility for active 
case identification during outbreaks is unknown. We 
evaluated urine antigen testing for identifying blasto-
mycosis cases during a 2023 outbreak at a Michigan, 
USA, paper mill and assessed demographic and clinical 
factors associated with test positivity. Approximately 2 
months after the outbreak was recognized, we collected 
work and health information for 603 employees; 95% 
(n = 578) underwent urine antigen testing and 9% (n = 
52) tested positive, including 25 previously undetected 
cases. Blastomycosis-like symptoms were associated 
with test positivity (p<0.001), but 10% of employees 
with positive results were asymptomatic. Recent hos-
pitalization for blastomycosis was associated with test 
positivity (p = 0.02) and higher antigen levels. Further 
research into urine antigen testing is needed to clarify 
its suitability for detecting mild and asymptomatic infec-
tions during outbreak investigations. Urine antigen test-
ing had high acceptability among employees and effec-
tively identified additional cases.
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culture, and whole-genome sequencing of Blastomyces 
isolates from 8 patients revealed strong phylogenetic 
relatedness (10).

We used Blastomyces urine antigen testing for the 
medical survey because of its high sensitivity, higher 
likelihood of worker participation, and convenience. 
However, little is known about the test’s effectiveness 
in identifying new cases during an outbreak. Using 
the medical survey results, we evaluated the perfor-
mance of urine antigen testing in actively identifying 
potential blastomycosis cases without a recent diag-
nosis or with few or no symptoms and identified de-
mographic and clinical factors associated with Blasto-
myces antigen test positivity.

Methods

Data and Population
All mill employees and contractors were invited to 
participate in NIOSH’s medical survey during April 
22–28, 2023, approximately 2 months after the first 
outbreak cases were recognized. The survey included 
an interviewer-administered work and health ques-
tionnaire and Blastomyces urine antigen testing (12). 
We sought written informed consent before partici-
pation in the medical survey and antigen testing. Of 
nearly 1,000 mill employees, 608 completed the sur-
vey. Among those who completed the survey, 95% 
(n = 578) underwent urine testing. We excluded 5 
records because of missing or incomplete question-
naire data; 94% (n = 573) employees were included 
in urine antigen testing analyses. Previous reports 
describe the outbreak response and clinical charac-
teristics of cases in detail (10,11). We supplemented 
survey data with case information collected by the 
Michigan Department of Health and Human Services 
(MDHHS) and the local health department through 
routine surveillance and case interviews. MDHHS re-
lied on a modified version of the national surveillance 
standard case definition for blastomycosis to classify 
outbreak-associated blastomycosis cases on the basis 
of clinical and laboratory criteria (10).

Urine Antigen Testing
We refrigerated urine samples collected during the 
NIOSH survey and then sent the samples to a com-
mercial laboratory for analysis using the MiraVista 
quantitative Blastomyces antigen enzyme immuno-
assay test (22). At the time of the survey, the test’s 
quantifiable range for Blastomyces antigen was 0.2–
14.7 ng/mL, within which antigen levels were reli-
ably quantified. Positive results included any test 
with detectable antigen levels, including detectable 

levels that were below the lower limit of quantifi-
cation (LLOQ) of 0.2 ng/mL and those within or 
above the quantifiable range. Tests with results be-
low the LLOQ are not considered cases by standard 
surveillance case definition laboratory criteria, but 
we counted them as positive results in the modified 
outbreak case definition. We considered tests with 
no antigen detected negative. We mailed results to 
employees and their authorized healthcare provid-
ers; positive results were also communicated to em-
ployees by phone. Employees with positive results, 
including those with few or no symptoms, were en-
couraged to discuss their results with their health-
care providers.

Questionnaire Data
The interviewer-administered NIOSH questionnaire 
gathered work and health information from mill em-
ployees. We collected information on demographic 
characteristics, including age and sex, and clinical 
characteristics, including self-reported symptoms 
and medical findings, hospitalization and antifun-
gal medication use, and history of potentially im-
munocompromising health conditions. The question-
naire sought information about symptoms including 
cough, fever or chills or night sweats, shortness of 
breath, poor appetite or weight loss, muscle aches or 
pain, joint or bone pain, and fatigue. We considered 
employees who did not report any of those symptoms 
asymptomatic. Medical findings included abnormal 
lung findings on chest imaging, skin lesions, brain 
inflammation, abscess, granuloma, other lesions, 
and bone or joint abnormalities. We collected infor-
mation on reported symptoms and medical findings 
that were clinically compatible (23) with blastomyco-
sis since October 1, 2022, the earliest date of possible 
exposure on the basis of available case information. 
We excluded reported symptoms and medical find-
ings that occurred within 2 weeks of a self-reported 
COVID-19, influenza, or respiratory syncytial virus 
illness. We also collected self-reported information on 
potential immunocompromising conditions, includ-
ing diabetes, autoimmune diseases, taking immuno-
suppressive medication, and history of an organ or 
stem cell transplant.

We classified employees as having a recent di-
agnosis of blastomycosis during the outbreak if they 
were listed as having a confirmed or probable case 
of blastomycosis on the MDHHS case list as of April 
21, 2023, or if they self-reported a healthcare pro-
vider diagnosis since October 1, 2022, on the NIOSH 
questionnaire. We asked employees with recent 
blastomycosis diagnoses if they were hospitalized 
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for their recent illness and if they had initiated anti-
fungal drug treatment.

Data Analysis
We summarized worker characteristics, including re-
cent blastomycosis diagnoses during the outbreak, by 
urine antigen test positivity. We then assessed asso-
ciations between clinical characteristics and test posi-
tivity among all participants who underwent testing 
and among employees with a recent blastomycosis 
diagnosis during the outbreak. We also examined 
clinical characteristics by antigen levels (below the 
LLOQ vs. within or above the quantifiable range) 
among employees with positive tests. We evaluated 
bivariate associations between worker or clinical 
characteristics and test positivity by using Wilcoxon 
rank sum tests for continuous variables (to compare 
the medians) and Pearson’s χ2 or Fisher exact tests for 
categorical variables, with 2-sided p values of 0.05 in-
dicating statistical significance. We did not assess sta-
tistical associations for antigen levels because of the 
small numbers in this analysis.

We conducted statistical analyses by using SAS 
software version 9.4 (SAS Institute, Inc.). This activ-
ity was reviewed by the Centers for Disease Control 
and Prevention, was deemed not research, and was 
consistent with applicable federal law and Centers for 
Disease Control and Prevention policy.

Results
Among 573 employees who underwent Blastomyces 
urine antigen testing during the medical survey pe-
riod, the median age was 47 years (interquartile range 
[IQR] 38–53 years); 82% were male and 18% female, 
and 12% had a recent diagnosis of blastomycosis dur-
ing the outbreak (Table 1). Of the 573 employees, 52 
(9%) received positive Blastomyces antigen test results; 
there were no significant differences in test positivity 
by age (p = 0.42) or sex (p = 0.61). A recent diagnosis 

of blastomycosis during the outbreak was associated 
with test positivity (p<0.001); of 71 participants  with 
a recent diagnosis, 27 (38%) tested positive. In addi-
tion, 25 (48%) of 52 employees who tested positive 
were previously undiagnosed.

Among the 573 survey participants, 67% report-
ed symptoms, and the number of symptoms differed 
significantly by test positivity (p<0.001). Among 
52 employees with positive tests, 90% reported >1 
symptom, compared with 65% of 521 employees 
who tested negative; 10% of test-positive employees 
were asymptomatic (Table 2). Four of the 5 asymp-
tomatic cases were from previously undiagnosed 
employees (data not shown). Reporting any medical 
findings was also more common among test-positive 
employees (46%) than test-negative employees (13%; 
p<0.001). All individual blastomycosis-associated 
symptoms (e.g., cough, fever, shortness of breath) 
and medical findings (e.g., abnormal lung imaging) 
were also more common among test-positive employ-
ees (p<0.05) (Appendix Table 1, http://wwwnc.cdc.
gov/EID/article/32/3/25-0973-App1.pdf). Immu-
nocompromising conditions were not associated with 
test positivity for employees in the survey (p = 0.58).

Among 71 employees with a recent diagnosis of 
blastomycosis, 93% reported >1 symptom, and 77% 
reported >1 medical finding (Table 2). Unlike in the 
full survey population, the number of symptoms (p 
= 0.75) or medical findings (p = 0.96) did not differ 
significantly by test positivity among those employ-
ees. There was no statistical difference in the me-
dian time from symptom onset to the survey urine 
antigen testing between test-positive employees (47 
days, IQR 31–70 days) and test-negative employees 
(52 days, IQR 40–69 days; p = 0.32). Sixty-five (93%) 
employees initiated antifungal treatment a median 
of 31 (IQR 18–41) days before survey testing. Nei-
ther treatment initiation (p = 0.64) nor time from ini-
tiation to testing during the survey (p = 0.36) were  
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Table 1. Characteristics of employees by UAT result from a medical survey conducted in a study of Blastomyces urine antigen 
testing for active case identification during a blastomcoysis  outbreak, United States* 
Characteristic Total, n = 573 Positive UAT, n = 52 Negative UAT, n = 521 p value† 
Median age, years (IQR) 47 (38–53) 46 (38–53) 47 (38–54) 0.42 
Sex 

M 470 (82) 44 (85) 426 (82) 0.61 
F 103 (18) 8 (15) 95 (18) 

Recent blastomycosis diagnosis‡ 
Yes 71 (12) 27 (52) 44 (8) <0.001 
No 502 (88) 25 (48) 477 (92) 

*Values are no. (%) except as indicated. Numbers might not reach column total because of missing responses. UAT, urine antigen test; IQR, interquartile
range.
†Wilcoxon rank sum tests for continuous variables and Pearson 2 tests or Fisher exact tests for categorical variables were used to test differences by 
urine antigen test result.
‡Recent diagnosis of blastomycosis included employees the Michigan Department of Health and Human Services identified as having confirmed or
probable blastomycosis during the paper mill outbreak as of April 21, 2023, or self-reported healthcare provider-diagnosed blastomycosis on the medical 
survey questionnaire.
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associated with test positivity. Recent hospitaliza-
tion for blastomycosis was associated with test 
positivity (p = 0.02); among 27 recently diagnosed 
employees with positive tests, 31% reported hospi-
talization, compared with 7% of 44 recently diag-
nosed employees who tested negative.

Among the 52 employees with positive tests, 17 
(33%) employees had Blastomyces antigen results below 
the LLOQ (<0.2 ng/mL) and 35 (67%) employees had 
results within or above the quantifiable range (0.2–14.7 
ng/mL) (Table 3). Three (18%) of 17 employees with 
results below the LLOQ reported no symptoms, and 
another 3 (18%) only reported 1 symptom. Among 35 
employees with results within or above the quantifiable 
range, 2 (6%) were asymptomatic and another 2 (6%) 
only reported 1 symptom. For test-positive employees 
reporting symptoms, median time from symptom on-
set to testing was similar for employees with positive 
tests below the LLOQ (49 days, IQR 37–70 days) and 
within or above the quantifiable range (45 days, IQR 
23–70 days). Of the 17 employees with results below 
the LLOQ, 8 employees reported having initiated anti-
fungal drug treatment, whereas the remaining 9 were 

not asked about treatment because they had no prior 
blastomycosis diagnosis. The 8 test-positive employ-
ees with recent blastomycosis diagnoses who report-
ed recent hospitalization all had test results within or 
above the quantifiable range, representing 28% of em-
ployees with results within or above the quantifiable 
range. None of the 17 employees with results below 
the LLOQ reported recent hospitalization.

Discussion
Our investigation used Blastomyces urine antigen test-
ing to actively identify unknown or asymptomatic 
cases during a blastomycosis outbreak. The test suc-
cessfully identified additional cases; nearly half the 
positive results came from employees without recent 
blastomycosis diagnoses during the outbreak. The 25 
new cases identified through urine antigen testing, 
including cases in 4 employees who were asymp-
tomatic, accounted for 15% of 162 cases ultimately 
identified during the outbreak. Urine antigen testing 
increased case identification beyond routine surveil-
lance and contributed to a comprehensive outbreak 
investigation (11,12). Test acceptability was high, 
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Table 2. Clinical factors by UAT result among employees from a medical survey conducted in a study of Blastomyces urine 
antigen testing for active case identification during a blastomycosis outbreak, United States* 

Clinical factor 

All employees Employees with recent blastomycosis diagnosis‡ 
Total, n = 

573 
Positive 

UAT, n = 52 
Negative 

UAT, n = 521 p value† 
Total, n = 

71 
Positive 

UAT, n = 27 
Negative 

UAT, n = 44 p value† 
No. symptoms potentially related to blastomycosis 

0 184 (32) 5 (10) 179 (34) <0.001 4 (6) 1 (4) 3 (7) 0.75 
1 156 (27) 5 (10) 151 (29) 5 (7) 1 (4) 4 (9) 
>2 231 (40) 42 (81) 189 (36) 62 (87) 25 (93) 37 (84) 

No. medical findings potentially related to blastomycosis 
0 479 (84) 28 (54) 451 (87) <0.001 16 (23) 6 (22) 10 (23) 0.96 
>1 92 (16) 24 (46) 68 (13) 55 (77) 21 (78) 34 (77) 

Days from symptom onset to 
test, median (IQR)§ 

NA NA NA NA 48 (39–69) 47 (31–70) 52 (40–69) 0.32 

Potentially immunocompromised¶ 
Yes 64 (11) 7 (13) 57 (11) 0.58 13 (18) 6 (22) 7 (16) 0.54 
No 509 (89) 45 (87) 464 (89) 58 (82) 21 (78) 37 (84) 

Pneumonia diagnosis 
Yes 26 (5) 8 (15) 18 (3) 0.001 17 (24) 7 (26) 10 (23) 0.76 
No 543 (95) 44 (85) 499 (97) 54 (76) 20 (74) 34 (77) 

Hospitalized for blastomycosis§ 
Yes NA NA NA 11 (16) 8 (31) 3 (7) 0.02 
No NA NA NA 58 (84) 18 (69) 40 (93) 

Antifungal drugs initiated§ 
Yes NA NA NA 65 (93) 25 (96) 40 (91) 0.64 
No NA NA NA 5 (7) 1 (4) 4 (9) 

Days from antifungal drug 
initiation to antigen test, 
median (IQR)§ 

NA NA NA 31 (18–41) 29 (13–41) 33 (22–40) 0.36 

*Values are no. (%) except as indicated. Numbers might not reach column total because of missing responses. UAT, urine antigen test; IQR, interquartile 
range; NA, not applicable.
†Wilcoxon rank sum tests for continuous variables and Pearson χ2 tests or Fisher exact tests for categorical variables were used to test differences by 
urine antigen test result.
‡Recent diagnosis of blastomycosis included employees the Michigan Department of Health and Human Services identified as having confirmed or 
probable blastomycosis during the paper mill outbreak as of April 21, 2023, or self-reported healthcare provider-diagnosed blastomycosis on the NIOSH 
medical survey questionnaire.
§Data were only collected for employees with a recent diagnosis of blastomycosis (n = 71) during the outbreak and thus not available for all employees. 
¶Potentially immunocompromised was defined as reporting diabetes, an autoimmune disease, taking immunosuppressive medication, or an organ 
transplant.
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with 95% of employees who completed the survey 
questionnaire also consenting to testing.

Although urine antigen testing identified undi-
agnosed symptomatic cases, it appeared less effective 
for identifying asymptomatic infections. Blastomyces 
urine antigen tests were not originally developed to 
detect Blastomyces infection in asymptomatic persons, 
and our findings suggest their utility in this context 
might be limited. Only 10% of employees with posi-
tive urine antigen tests during this evaluation were 
asymptomatic, whereas several prior investigations 
that used testing for specific immune responses esti-
mated that ≈50% of Blastomyces infections are asymp-
tomatic (6,24–26).

The lower-than-expected proportion of asymp-
tomatic employees with positive tests suggests that 
urine antigen testing might be less sensitive than im-
munological testing for identifying asymptomatic 
or mild infections. Previous studies reported lower 
sensitivity and lower antigen levels among patients 
with mild disease compared with patients with more 
severe disease (10,27–29). Those data align with our 
findings that fewer employees reporting no symp-
toms or a single symptom had positive tests and an-
tigen levels within or above the quantifiable range 
compared with those who had >2 symptoms. In ad-

dition, employees who were hospitalized for blasto-
mycosis during the outbreak, an indicator of more se-
vere disease, more frequently had test results within 
or above the quantifiable range compared with those 
who were not hospitalized.

Several factors related to the timing of testing could 
also explain the lower-than-expected rate of asymp-
tomatic infections identified through urine antigen 
tests. Blastomyces exposures likely occurred over sever-
al months during this outbreak, peaking in January or 
February 2023 (11). For some employees, antigen levels 
might have declined by the time urine antigen testing 
was offered in late April; ≈80% of confirmed and proba-
ble cases reported to MDHHS had initial positive urine 
antigen tests (10), whereas only 38% of employees with 
recent diagnoses tested positive during this survey. 
However, we did not have information on what type 
of testing employees who self-reported recent blasto-
mycosis diagnoses received, which limited our ability 
to directly assess declining antigen levels among this 
group. Antigen levels might have declined particu-
larly quickly in employees with mild or asymptomatic 
infections, as antigen levels are positively associated 
with disease severity, and declining antigen levels cor-
relate with clinical improvement (20,30). In contrast, all  
hospitalized employees with recent blastomycosis  
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Table 3. Clinical factors by UAT levels for employees with positive tests from the medical survey conducted in a study of urine 
Blastomyces antigen testing for active case identification during an outbreak, United States* 

Clinical factor 

Positive UAT result, n = 52 

Below LLOQ, n = 17 
Within or above quantifiable 

range, n = 35 
No. symptoms potentially related to blastomycosis   
 0 3 (18) 2 (6) 
 1 3 (18) 2 (6) 
 >2 11 (65) 31 (89) 
No. medical findings potentially related to blastomycosis   
 0 10 (59) 18 (51) 
 >1 7 (41) 17 (49) 
Days from symptom onset to test, median (IQR)† 49 (37–70) 45 (23–70) 
Potentially immunocompromised‡   
 Yes 2 (12) 5 (14) 
 No 15 (88) 30 (86) 
Had a recent blastomycosis diagnosis   
 Yes 8 (47) 19 (54) 
 No 9 (53) 16 (46) 
Pneumonia diagnosis   
 Yes 2 (12) 6 (17) 
 No 15 (88) 29 (83) 
Hospitalized for blastomycosis†   
 Yes 0 8 (28) 
 No 17 (100) 21 (72) 
Antifungal drug initiated†   
 Yes 8 (100) 17 (94) 
 No 0 1 (6) 
Days from antifungal drug initiation to antigen test, median (IQR)† 25 (15–38) 31 (13–43) 
*Values are no. (%) except as indicated. Numbers might not reach column total because of missing responses. LLOQ was 0.2 ng/mL, quantifiable range 
was 0.2–14.7 ng/mL. UAT, urine antigen test; LLOQ, lower limit of quantification. 
†Data were only collected for employees with a recent diagnosis of blastomycosis during the outbreak (n = 71) and thus not available for all employees. 
‡Potentially immunocompromised was defined as reporting diabetes, an autoimmune disease, taking immunosuppressive medication, or an organ 
transplant. 
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diagnoses who tested positive in the survey had re-
sults within or above the quantifiable range at the time 
of the survey. It is also unknown whether sustained 
exposure over several months affects progression or 
detectability of antigenuria compared with shorter-
term exposure.

Antigen levels might have also declined more 
rapidly in employees taking antifungal drugs; 93% of 
employees with recent diagnoses during the outbreak 
had received antifungal drugs. A previous study re-
ported initial spikes in antigen levels ≈11 days after 
antifungal drug treatment and declining antigen lev-
els in the following months, although the median time 
to first negative result was 200 days (20). We did not 
find an association between antigen test positivity dur-
ing the survey and antifungal drug treatment or days 
from antifungal drug treatment initiation to testing, 
but we were likely limited in the power to detect any 
associations, because only 5 employees with recent di-
agnoses had not received antifungal drugs. Although 
no employees reported having a prior blastomycosis 
diagnosis before the outbreak, prior exposure or un-
diagnosed infections could have conferred immunity 
and influenced antigen levels in this population.

An alternative explanation to the low observed 
rate of asymptomatic infections could be that we over-
estimated the number of symptomatic employees. 
We collected symptom information over a 7-month 
period on the questionnaire. Although we excluded 
symptoms related to self-reported respiratory infec-
tions, such as COVID-19 or influenza, we might have 
attributed reported symptoms to blastomycosis when 
they were because of another illness. Another limita-
tion was that this outbreak occurred in a relatively 
healthy cohort of employees, which might limit the 
generalizability of our findings to other populations. 
Although we did not detect an association between 
test positivity and potential immunocompromise, 
our cohort included few employees with immuno-
compromising conditions; however, we did not have 
complete information for conditions such as HIV or 
malignancy, which are associated with increased 
blastomycosis risk (3). Last, heightened awareness of 
the outbreak among employees at the mill and the lo-
cal healthcare community likely led to early identifi-
cation of more cases, including less severe ones, than 
standard public health surveillance (10). Early care 
seeking and treatment could have reduced the over-
all severity of cases in this outbreak and potentially 
influenced urine antigen test positivity rates.

In conclusion, our findings suggest urine antigen 
testing might be less effective for detecting asymptom-
atic infections during investigations where exposure 

assessment is the primary goal. In such situations, se-
rologic testing might be a better choice, but longitudi-
nal studies comparing methods for detecting asymp-
tomatic and mild infections over several months after 
exposure are needed to help clarify this consideration. 
Despite being potentially less effective for asymptom-
atic testing, our findings do indicate that Blastomyces 
urine antigen testing is a viable option for actively 
identifying cases during future blastomycosis out-
breaks, in part because of its logistical ease and high ac-
ceptability compared with methods that rely on blood 
collection. Urine antigen testing might be particularly 
advantageous when used during outbreaks within a 
large exposed population (11). 
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Enteric fever is a major health problem globally that 
has the potential to cause a spectrum of symp-

toms, including severe febrile illness and intestinal 
perforation (1). Salmonella enterica serovars Typhi and 
Paratyphi A, B, and C are responsible for enteric fe-
ver; Salmonella Typhi is the most prevalent, followed 
by Salmonella Paratyphi A. Whereas Salmonella Typhi 
is found throughout the world, Salmonella Paratyphi 
A is most prevalent in South and Southeast Asia and 
is not commonly found in Africa. Most illness oc-
curs in low and middle-income countries (LMICs) 
that lack access to safe drinking water and improved 
sanitation; children and adolescents bear the highest 
burden of disease (2–4). Accurate diagnosis is chal-
lenging and often requires culture-based methods 
(5). The current reference standard is blood culture, 
which might be unavailable in many clinical settings 

where typhoid is endemic; it has an estimated sensi-
tivity range of 51%–65% that varies by age, duration 
of symptoms, use of antimicrobial drugs before test-
ing, and volume of blood collected (5,6). Alternative 
molecular testing using peripheral blood has low di-
agnostic sensitivity (7). Point-of-care serologic-based 
diagnostic tests, such as the Widal test, are also lim-
ited by low sensitivity and specificity (5). In addition 
to variable sensitivity and specificity, available test-
ing for enteric fever might be cost prohibitive, result-
ing in underreporting of the true incidence of disease. 
Furthermore, because of public health allocations of 
resources focused on other infectious diseases, accu-
rate surveillance remains an epidemiologic challenge. 
It is important to capture the effect of those infections 
to better prioritize preventive measures, including 
vaccine implementation (3,4).
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Enteric fever, caused by Salmonella enterica serovars 
Typhi and Paratyphi, results in high rates of illness and 
death globally. The lack of reliable diagnostic assays lim-
its surveillance, leading to major gaps in understanding 
the population-level burden in low- and middle-income 
countries. We applied a novel serologic tool measuring 
IgG responses to hemolysin E to assess typhoidal Sal-
monella infection rates in children from 4 communities: 
2 in western Kenya (Kisumu and Chulaimbo) and 2 in 
coastal Kenya (Ukunda and Msambweni). We found a 

substantially higher enteric fever seroincidence rate in 
coastal Kenya (37/100 person-years) than in western 
Kenya (3.6/100 person-years). We found a higher sero-
incidence rate in households with nonpiped water and 
lower incomes and in neighborhoods with higher popula-
tion density. Our findings contribute to Kenya’s limited 
enteric fever surveillance data, especially in the coastal 
regions. Such information underscores the need for pub-
lic health interventions, such as typhoid conjugate vac-
cine introduction, in Kenya.



Seroincidence of Typhoid in Children, Kenya

Although geostatistical models estimate a high 
prevalence of enteric fever in sub-Saharan Africa, 
relatively few studies have provided direct disease 
burden estimates in the region (2,8). The available 
data suggest a very high burden of typhoid in Ke-
nya; however, most studies focused primarily on the 
densely populated capital city of Nairobi and its sur-
rounding areas, with limited data available from the 
western or coastal regions (2,9). Although the Kenya 
Ministry of Health offers typhoid vaccination for 
high-risk groups, it has not implemented a routine 
immunization series for all persons (9). To further 
understand the burden of typhoid in western and 
coastal region of Kenya, we implemented a serosur-
veillance tool to estimate the population-level enteric 
fever seroincidence rate and identify risk factors for 
infection among children.

Methods

Study Cohort
We used archived serum samples and accompanying 
survey data that evaluated the burden of chikungu-
nya virus and dengue virus infections among chil-
dren 2–18 years of age across 4 sites in Kenya (10). 
Although the parent study included a longitudinal 
cohort, this analysis is cross-sectional serosurvey us-
ing data and serum samples collected from a periodic 
sampling timepoint (April 2017–January 2018) and 
comprises a random subset of 1,408 children. Two 
geographically distinct areas in Kenya are represented 
in this analysis: coastal Kenya (Msambweni and Uku-
nda) and western Kenya (Chulaimbo and Kisumu). 
Those 2 areas have different baseline infrastructure 
(higher wealth in the west) and weather patterns 
(higher temperature and humidity and longer rainy 
seasons on the coast) (Appendix Table 1, https:// 
wwwnc.cdc.gov/EID/article/32/3/25-0469-App1.
pdf). We selected a rural town in each area, Msawbwe-
ni on the coast and Chulaimbo in the west, that had 
less infrastructure and fewer resources than its adja-
cent densely populated urban center (Appendix Table 
2) (10). We recruited households by random enroll-
ment within confined structured zones in each study 
community across a similar time period. We adminis-
tered demographic surveys designed to collect infor-
mation about the household, built infrastructure, and 
behavioral patterns related to mosquitoborne infec-
tions but also captured information relevant to food 
and waterborne illnesses, such as population density 
and access to piped water and latrines (10). The ethics 
review boards with the Kenya Medical Research In-
stitute (approval no. SSC95 2611), Stanford University 

(approval no. 31488), and Mass General Brigham (ap-
proval no. 2019P000152) approved the study protocol.

Sample Collection and Testing
We collected blood samples during the same house-
hold visit at which we administered surveys. We 
centrifuged blood samples and stored serum ali-
quots at −70°C until testing. We used 1 serum sam-
ple from each participant to measure hemolysin E 
HlyE IgG levels at Massachusetts General Hospital 
(Boston, MA, USA) by kinetic ELISA, as previously 
described (6).

Statistical Analysis
We estimated seroconversion rates from cross-sec-
tional serosurveys using models of HlyE IgG decay 
derived from blood culture–confirmed enteric fever 
cases (6). Those models account for peak antibody 
responses, decay rates, and variability in immune 
responses while incorporating multiple biomarkers, 
measurement noise, and cross-reactivity (11–13). We 
implemented our approach using the open-source R 
package serocalculator (https://cran.r-project.org/
web/packages/serocalculator). We paired demo-
graphic information with the serologic results and an-
alyzed for associations with age, population density, 
water source, latrine availability, and wealth. We cal-
culated the population density using zonal statistics in 
QGIS version 3.28.9 (https://qgis.org), and obtained 
population counts from WorldPop (https://www.
worldpop.org). We divided the population into quar-
tiles representing increasing population density across 
the cohort. We calculated a wealth index by multiple 
correspondence analysis, using variables related to 
tangible assets (e.g., radio, motor vehicle, television, 
bicycle, telephone), house ownership and characteris-
tics (e.g., number of rooms used for sleeping, persons 
per room, window screens, and building materials), 
and access to utilities and infrastructure (e.g., source 
of water, sanitation facility, and location) (14,15). We 
divided the scores into quartiles representing increas-
ing socioeconomic status (SES) as a measure of wealth 
throughout the group (14). We performed all analysis 
in R version 4.4.3 (The R Project for Statistical Com-
puting, https://www.r-project.org).

Results

Study Population
Of the 1,408 participants included in the study, 323 
were from Kisumu (west), 323 from Chulaimbo (west), 
299 from Ukunda (coast), and 473 from Msambwe-
ni (coast) (Table 1). The median age of participants  
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was 10.6 (interquartile range [IQR] 7.8–13.1) years; the 
median age for each specific community was 10.2–10.9 
years of age (Table). Wealth distribution and popula-
tion density were higher in Kisumu and Ukunda than 
in Chulaimbo and Msambweni (Appendix Tables 1, 2).

Serology Findings
We found higher HlyE IgG levels in the coastal pop-
ulation than the western population (Figures 1, 2). 
Median HlyE IgG level in the coastal population was 

7.73 (IQR 4.10–10.97) ELISA units. Median HlyE IgG 
level in the western population was 0.86 (IQR 0.38–
2.73) ELISA units. 

The overall seroincidence rate for the Kenya co-
hort was 9.1 (95% CI 8.4–9.8) per 100 person-years. 
In the coastal region, the seroincidence rate was 37 
(95% CI 33.8–40.5) per 100 person-years, and in the 
western region, it was 3.6 per 100 person-years (95% 
CI 3.0–4.4). We found no significant difference when 
comparing seroincidence rates by age (<10 years or 
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Table. Characteristics of study sites and participants in study of typhoidal Salmonella in children, Kenya, 2017–2018* 

Characteristic 
Study site 

Overall, n = 1,408 Kisumu, n = 323 Chulaimbo, n = 323 Ukunda, n = 299 Msambweni, n = 473 
Sex      
 F 173 (54) 146 (45)  166 (56)  225 (48)  719 (51)  
 M 150 (46) 177 (55) 133 (44) 248 (52) 689 (49) 
Age, y      
 2–5 32 (10)  27 (8)  20 (7)  47 (10)  126 (9)  
 6–10 140 (44)  146 (46)  138 (46)  227 (48)  651 (46)  
 11–18 147 (46)  145 (46)  141 (47)  199 (42)  632 (45)  
 Median (IQR) 10.2 (7.8–12.6)  10.7 (7.8–13.5) 10.5 (7.93–13.1) 10.9 (7.9–13.6) 10.6 (7.8–13.1) 
Piped water, n = 1,382  300/303 (>99)  80/300 (26)  275/299 (92)  71/480 (14)  656 (47)  
Latrine access, n = 1,371  301/301 (100)  294/300 (98)  296/297 (>99)  193/473 (41)  1,084 (79)  
Location West West Coast Coast  
*Values are no. (%) except as indicated. IQR, interquartile range.  

 

Figure 1. Sites used in study of seroincidence 
rate of typhoidal Salmonella in children, Kenya, 
2017–2018. The serologic density of HlyE IgG, 
measured in ELISA units, was mapped onto study 
sites. Boxes represent a 100 m × 100 m grid. 
Kisumu (A) and Ukunda (B) are the more densely 
populated sites, Chulaimbo (C) and Msambweni 
(D) the less densely populated sites. E) Locations 
of study sites within Kenya.  
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>10 years of age); however, there was a trend of high-
er seroincidence rates in the >10 years group (Figure 
3). Piped water, higher wealth, latrine use, and urban 
location were associated with lower enteric fever se-
roincidence rates in the coastal region (Figure 4). No 
risk factors were significantly associated with seroin-
cidence rates in the western region of Kenya.

Discussion
In this study, we leveraged archived serum samples 
from a large arbovirus cohort study in Kenya to ob-
tain population-level enteric fever seroincidence rates 
based on HlyE IgG responses. We found an estimated 
10-fold higher seroincidence rate of typhoidal Salmo-
nella in the coastal region than the western region. 
The enteric fever seroincidence rate we estimated in 
coastal Kenya is similar to the rate estimated in Ban-
gladesh, where ongoing blood culture surveillance 
for enteric fever has confirmed a high prevalence of 
Salmonella Typhi and Paratyphi A (16). The seroinci-
dence rate we estimated in the western region of Ke-
nya is closer to that of Kathmandu, Nepal (5.8/100 
person-years), where the typhoid conjugate vaccine 
campaign was launched in 2022 (6,16).

The enteric fever seroincidence rates we estimat-
ed (9.1/100 person-years or 9,100/100,000 person-
years overall) exceed those from previous culture-
based studies in the region, for which an incidence 
rate of >100/100,000 persons/year is considered 
high for typhoid fever. Previous clinical surveil-
lance studies have estimated a range of incidence 
with an extrapolated crude incidence of 39/100,000 
persons/year in eastern Africa (17); an adjusted in-
cidence of 284/100,000 person-years of observation 
in Kibera, Kenya (3); and an estimated incidence of 
620/100,000 person-years in eastern sub-Saharan 
Africa (8). We found no direct comparison to clinical 
blood culture incidence rates available from Kenya 
or East Africa (18). The seroincidence rate we ob-
served in this study is comparable to rates reported 
in other regions where typhoidal Salmonella is recog-
nized as a public health concern; vaccination cam-
paigns are targeting those populations. As for many 
infectious diseases in sub-Saharan Africa, limited 
surveillance data can reduce allocation of resources 
to address those problems. We demonstrated a sub-
stantially higher seroincidence of typhoidal Salmo-
nella in western and coastal regions of Kenya than 
other areas in the country that might have an unrec-
ognized higher level of exposure. Causes of higher 
seroincidence could be the limited availability and 
affordability of diagnostics, low sensitivity of cul-
ture, and subclinical infections. 

Most typhoidal Salmonella studies evaluate febrile 
participants. Because patients can be exposed to Sal-
monella Typhi and Paratyphi without experiencing a 
symptomatic infection, the seroincidence rate in those 
studies will seem higher than in clinical studies be-
cause they included patients with subclinical infec-
tion otherwise not captured by clinical surveillance 
(19). Variable sensitivity in blood culture sampling 
and inoculum, especially in young children, could 
also cause false negative results. Furthermore, differ-
ences in health-seeking behavior can also account for 
delayed symptoms or missed typhoid cases in vari-
ous communities (20–22).

In addition to estimating the population-level 
enteric fever seroincidence rate, we explored poten-
tial influence of established risk factors, including 
population density, SES, and water, sanitation, and 
hygiene measures (23,24). Consistent with previ-
ous studies, we found notable differences in sero-
incidence rates with water access, latrine use, and 
overall wealth. In the coastal region, we observed a 
trend toward a higher seroincidence rate of enteric 
fever associated with lower wealth, lower population 
density, and use of nonpiped water. In our study, we 
found higher enteric fever seroincidence rates in the 
coastal villages than in western villages. When evalu-
ating the source of water, most nonpiped water was 
located in the coastal sites, which likely contributed to 
the higher levels of typhoidal Salmonella found in the 
coastal sites than the western sites. The coastal sites 
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Figure 2. Antibody response by participant age and location in 
study of seroincidence rate of typhoidal Salmonella in children, 
Kenya, 2017–2018. Dots represent individual antibody responses, 
curves represent smoothed cumulative responses, and gray 
shading indicates 95% CIs.
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also have higher humidity and relative temperature 
and longer rainy seasons, which can be associated 
with foodborne and waterborne infections (25).

We also noted differences in seroincidence rates 
within the coastal sites and in comparison to the west-
ern sites. The less densely populated, less developed, 
and effectively rural site of Msambweni on the coast 
had the highest seroincidence rate, which deviates 
from studies in southern Asia and other parts of the 
world where denser populations have been associ-
ated with increased risk for infection. Many of those 
densely populated communities often do not have 
access to piped water, and residents live in housing 
with inadequate sanitation, which is different from 
our study sites (26). Msambweni had most of the par-
ticipants of lowest SES from all 4 study sites and like-
ly has multiple factors contributing to increased se-
roincidence rate, including lack of piped water, poor 
sanitation, and other environmental factors. Seasonal 
outbreaks or community sanitation leakages were 
possible but not reported during the study period. In 
contrast, we noted no major differences in the west 
between the urban center in Kisumu and its rural ad-

jacent site, Chulaimbo. We attributed that finding to 
lower statistical power to detect a difference, given 
the low seroincidence rate overall in western sites; an-
other possible cause is the difference in wealth index, 
population density, and environmental factors be-
tween the geographic sites. We noted a greater divide 
in calculated SES quartiles in the coastal region than 
in the west, where the distribution was closer, as was 
the calculated seroincidence rate. Last, the differing 
climate and susceptibility to flooding on the coast can 
also contribute to the higher seroincidence rate found 
in the coastal region in this study (27,28).

Our findings demonstrate that the risk for expo-
sure and burden of typhoidal Salmonella is not ho-
mogenous and varies greatly both between regions 
and within populations in the same country. Previous 
studies have been performed in dense urban slums, 
which have specific factors that contribute to propa-
gation of infection (3,29). When comparing urban 
and rural settings, the wide variation in living con-
ditions, wealth, and access can influence exposure to 
typhoidal Salmonella pathogens. Our surveys did not 
capture the possibility of sanitation leakages, which 
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Figure 3. Seroincidence in study 
of typhoidal Salmonella in children, 
Kenya, 2017–2018. Typhoid 
seroincidence rate by region 
and study site is shown stratified 
by patient age. Dots represent 
medians; error bars indicate 95% 
CIs. Coast sites were Ukunda 
and Msambweni; west sites were 
Kisumu and Chulaimbo.
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can contribute to typhoid exposure. Of note, no major 
outbreaks were reported during the study period.

The 2 main risk factors we explored in this study, 
water source and latrine access, were also included 
in the wealth index calculation and trended in the 
same direction as wealth, likely influencing the 
trend we identified. In addition, the original study 
(10) focused on mosquitoborne infections and did 
not include a comprehensive assessment of all the 
risk factors associated with enteric fever infection. 

For testing, HlyE is expressed by both Salmonella Ty-
phi and Salmonella Paratyphi A; therefore, antibody 
responses to the antigen cannot distinguish between 
infections caused by these 2 pathogens (2). Although 
Salmonella Paratyphi A is a common cause of enteric 
fever in Asia, it is considered rare in Africa (30,31). 
Although HlyE is also present in the genomes of 
Shigella species and Escherichia coli, its expression 
during infection with those pathogens likely differs 
and may be repressed or disrupted in some lineages 
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Figure 4. Typhoidal 
Salmonella seroincidence by 
site characteristics in study 
of typhoidal Salmonella in 
children, Kenya, 2017–2018. A) 
Seroincidence by water source. 
B) Seroincidence stratified 
by wealth. C) Seroincidence 
stratified by population density. 
D) Seroincidence by latrine type. 
Dots represent medians; error bars 
indicate 95% CIs. PCA, principal 
component analysis.
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(32). The sample size might not be sufficient to com-
prehensively represent the greater regions across  
Kenya. In addition, although a sample size of 
300–400 may be sufficient for calculating the sero-
incidence rate, those estimates are limited when 
stratifying by age and other typhoid-associated risk 
factors and should be explored further in a larger 
study. Furthermore, with random nonstratified sam-
pling, we observed fewer children in the <5 years 
age group, which also can influence the overall se-
roincidence rate. Last, the samples were collected 
in 2017–2018; the seroincidence rate might have 
changed since that time given different seasons, cli-
mate change, drought/flooding, and other factors 
like the COVID-19 pandemic, which caused changes 
in movement and behavior. More detailed incidence 
studies are needed to improve incidence estimates 
to reveal the comprehensive burden of infection for 
implementation of public health measures and to 
determine if the burden remains high in Kenya.

Despite those limitations, our study demon-
strates that the enteric fever seroincidence rate is high 
in Kenya, particularly in the coastal region, where 
incidence rates were comparable to other highly en-
demic areas for typhoid in Asia (e.g., Dhaka, Bangla-
desh) and >100-fold higher than estimates by blood 
culture surveillance. Our findings suggest there is a 
role for implementing typhoid conjugate vaccine to 
additional populations in coastal and western Kenya, 
in addition to the current practice of provide the vac-
cine to high-risk groups.
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Aspergillus flavus, the second leading cause of in-
vasive aspergillosis (IA) worldwide, is an op-

portunistic mold that can cause severe infection, in-
cluding IA, in immunocompromised patients (1). It 
predominates in Asia, the Middle East, and Africa 
because of its resilience in arid climates; however,  

because of climate change, its presence in the North-
ern hemisphere is expected to increase (1; N. van Rhi-
jn, unpub. data, https://www.researchsquare.com/
article/rs-6545782/v1). Hospital outbreaks mainly 
occur when airborne conidia are dispersed during 
construction work (2). The lower respiratory tract is 
usually the affected site of infection; in hematology 
patients, fatality rates are often high (2). 

Renovations during 2017–2019 in a pediatric he-
matology ward at the largest tertiary hospital in Den-
mark likely led to infections in 6 patients by spreading 
conidia (3). Infections occurred despite amphotericin 
B prophylaxis, consistent with the intrinsic reduced 
susceptibility of A. flavus. Transition to posaconazole 
prophylaxis was implemented and prevented A. fla-
vus in patients with adequate serum drug levels. In 
2022–2023, we examined the genetic epidemiology of 
the outbreak using short tandem repeat (STR) geno-
typing, STRAfla (4,5). We confirmed isogeneity and 
linked 12 additional patients to the outbreak. Analysis 
of air samples also indicated the presence of A. flavus 
outbreak isolates in the ward, suggesting its undetect-
ed perseverance in the hospital over time. However, 
8 more patients positive for outbreak-related A. flavus 
appeared during April 2023–January 2024; of those, 3 
were from the outbreak ward floor and 5 were from 
other parts of the hospital, including a staff member 
in the Department of Clinical Microbiology (DCM). 

In early 2024, a multidisciplinary team of special-
ists was formed to control the outbreak. In this study, 
we aimed to resolve the outbreak through optimizing 
environmental sampling to guide cleaning and source 
investigation and by using genome sequencing on a 
broad panel of A. flavus from the outbreak, the hospi-
tal environment, and epidemiologically unrelated pa-
tients and sites. We also used time-scaled phylogeny 
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An Aspergillus flavus outbreak occurred in a tertiary hos-
pital in Denmark. We compared environmental sampling 
methods, investigated the outbreak through short tan-
dem-repeat genotyping, STRAfla, and analyzed isolate 
phylogeny using whole-genome sequencing. Paired sam-
pling revealed that air sampling underestimated A. flavus 
burden (8 CFU/81 air samples vs. 585 CFU/81 surface 
samples), and culturing at 37°C was superior to 25°C (risk 
ratio 1.77; p<0.001). STRAfla (n = 145) confirmed clonal-
ity of the outbreak isolates. Active growth was identified in 
a kitchen inside the affected ward. Genetically related iso-
lates were also found in the Department of Clinical Micro-
biology and in 4 unrelated wood-based building materials 
from retailers in Denmark. Phylogenetic analyses of 167 
isolates supported introduction of A. flavus from building 
materials. We hypothesize that water damage enabled 
germination of dormant spores in precontaminated wood-
based products. Our findings highlight a risk factor for 
outbreaks and should inform future hospital construction 
and infection prevention strategies.
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to understand the evolution of the outbreak isolates. 
Although the comparison of typing methodologies is 
not a novel approach in a clinical context (6–10), this 
study also applied an extensive genomics approach 
with time-scaled phylogeny to an ongoing Aspergillus 
outbreak. Leveraging phylogenetics delineated the 
evolution of isolates within an A. flavus population 
that inhabited the hospital environment and success-
fully pinpointed a plausible source of contamination, 
as well as an unexpected timing of introduction.

Materials and Methods

Environmental Sampling and Comparison  
of Sampling Strategies
We took air samples (1 m3) using either a Microbio 
MB1 bioaerosol sampler (Cantium Scientific, https://
www.cantiumscientific.com) onto 5 cm-diameter V8 
agar contact plates (Bioneer A/S, https://bioneer.
dk) or a MBASS30 V3 air sampler (Holbach, https://
www.holbach.biz) onto 9-cm diameter V8 agar petri 
dishes (Bioneer A/S). We took surface samples us-
ing 5-cm diameter (25 cm2) V8 agar contact plates 
(Bioneer A/S), preferably from infrequently cleaned 
surfaces (11). We incubated 1 set of contact plates and 
petri dishes at 25°C and read after 7 days and incu-
bated the other set at 37°C and read after 3 days. Air 
sampling was nonaggressive because disturbing dust 
was unacceptable for hospital staff.

To assess A. flavus contamination and general 
fungal load, hospital sampling in March–June 2024 
yielded 449 samples from 299 locations (in total). In 

March, we conducted environmental sampling at 41 
predefined locations using V8 agar (12). At each loca-
tion, we collected 4 samples (164 samples in total): 1 
air sample incubated at 25 °C, 1 air sample incubated 
at 37 °C, 1 surface sample incubated at 25 °C, and 1 
surface sample incubated at 37 °C. In addition, we 
investigated outdoor air controls and some sporadic 
surface samples (24 samples from 12 locations). Thus, 
in total, we collected 188 samples from 53 locations in 
the pediatric outbreak ward and outside the hospital. 
In April–June, we conducted another session focused 
on surface sampling and culturing at 37°C from the 
outbreak floor and collected 97 samples from 87 loca-
tions in both the pediatric and the adult hematology 
ward (Figure 1). That secondary sampling focused on 
areas that were most contaminated with A. flavus in 
the initial (paired) sampling session. Outside the out-
break floor, we took another 164 samples from 159 lo-
cations in high activity areas. We compared A. flavus 
CFU counts for paired samples in Rstudio using a χ2 
test (using table 2×2 function, R version 4.2.3, and the 
package Publish) (The R Project for Statistical Com-
puting, https://www.r-project.org).

We verified active growth of A. flavus on mate-
rials using tape preparations, microscopy (12), and 
matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry for identification (13). We 
collected soil samples (n = 8) from the hospital sur-
roundings near the outbreak-affected South complex 
using a method described elsewhere (14) and cul-
tured them at 37°C. Four A. flavus isolates were previ-
ously isolated from wood-based building materials, 
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 Figure 1. Floorplan of the outbreak floor in hospital South complex in study of environmental and phylogenetic investigations of 
Aspergillus flavus outbreak linked to contaminated building materials, Denmark, 2025. The hospital consists of 3 complexes: north, 
central, and south. The building is divided by corridors and staff rooms, with patient rooms facing the windows. Room A, staff meeting 
and lunchroom; room B, main kitchen; rooms C and D, staff offices. Figure created in BioRender (https://biorender.com/p56n130).
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purchased from 2 retailers in Denmark, in an unrelat-
ed study of precontaminated materials (B. Andersen, 
unpub. data).

STRAfla of Environmental Isolates
We applied STRAfla genotyping on 145 A. flavus iso-
lates as previously described (4,5). Of those, 33 iso-
lates (24 from patients and 9 from air) were included 
in our previous study (5). We genotyped additional 
patient isolates (n = 11), hospital interior isolates (n = 
87 [1 isolate per positive location]), soil isolates (n = 
10), and building material isolates (n = 4).

Whole-Genome Sequencing of A. flavus Isolates
The dataset included 92 clinical and 17 environ-
mental isolates from the outbreak hospital, 4 from 
unrelated wood-based materials, and 54 compara-
tor isolates (167 isolates in total). All comparators, 
except 2, were previously STRAfla typed (5), and all 
originated either from hospital patients in Denmark 
who were not related to the outbreak or were control 
strains (4 UK-NEQAS and 2 ATCC 204304/200026 
[CBS 128202] isolates).

We prepared sequencing libraries using a cus-
tom modified version of the DNA prep kit (Illumina, 
https://www.illumina.com) based on the Hackflex 
protocol (15) using 20 ng (2 ng/µL) genomic DNA 
as input and 25 µL of a 2× laboratory-made tagmen-
tation buffer (20 mM Tris-HCl at pH 7.6), 20 mM 
MgCl2, and 10% (vol/vol) Propylene Carbonate (all 
Sigma-Aldrich, https://www.sigmaaldrich.com). 

We indexed the generated libraries with IDT for Il-
lumina Unique Dual indexes and quantified them 
using the Quant-iT dsDNA HS Assay Kit (Thermo 
Fisher Scientific, https://www.thermofisher.com). 
We calculated molar concentrations using a stan-
dard conversion factor of 2 and pooled the samples at 
equimolar ratios. We assessed the quality of the final 
sequencing libraries by measuring concentration on 
a Qubit 3.0 fluorometer using the Qubit dsDNA HS 
quantification assay kit (Thermo Fisher Scientific) and 
by performing a fragment analysis using a TapeSta-
tion 4200 with the D5000 Screen Tape assay kit (Agile-
nt, https://www.agilent.com). We sequenced quality 
checked final libraries on a NovaSeq (Illumina) using 
an S4 flowcell and 200-cycle reagent kit generating 2 
× 100-bp paired-end reads.

We assessed quality and depth using NASP ver-
sion 1.2.1 (16) and contamination screened using 
Kraken version 1.0 (17). We performed assembly with 
SPAdes version 3.11.1 (18) using the “–isolate” flag. 
We called single-nucleotide polymorphisms (SNPs) 
with NASP version 1.2.1 (16) aligned to NRRL 3357 
(reference genome CBS128202, GenBank accession 
no. GCF_014117465) using BWA-MEM (H. Li, un-
pub. data, https://arxiv.org/abs/1303.3997v2) and 
GATK, requiring >10× depth and >90% unambigu-
ous base calls. We removed recombination-prone re-
gions using Gubbins version 2.3.4 (19) and inferred 
phylogenies with IQTREE version 2.0.3 (20) using the 
integrated model tester with ascertainment bias cor-
rection (-m TEST+ASC). Time-scaled phylogeny of 

378	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 3, March 2026

 
Table 1. Comparison of fungal yield for paired sampling of air and surfaces in study of environmental and phylogenetic investigations 
of Aspergillus flavus outbreak linked to contaminated building materials, Denmark, 2025* 

Identification 

Air, n = 82 

 

Surface, n = 82 

Total 
CFUs 

25°C 

 

37°C 25°C 

 

37°C 

CFU 
(CFU/m3) 

Median 
(range) 

CFU 
(CFU/m3) 

Median 
(range) 

CFU 
(CFU/25 

cm2) 
Median 
(range) 

CFU 
(CFU/25 

cm2) 
Median 
(range) 

Aspergillus 186 (4.5) 0.0 (0–28)  26 (0.6) 0.0 (0–13)  321 (7.8) 5.0 (0–55)  491 (12.0) 6.0 (0–70) 1,024 
A. calidoustus 179 (4.4) 0.0 (0–28)  3 (0.1) 0.0 (0–1)  13 (0.3) 0.0 (0–4)  39 (1.0) 0.0 (0–27) 234 
A. flavus 3 (0.1) 0.0 (0–1)  5 (0.1) 0.0 (0–4)  236 (5.8) 2.0 (0–55)  349 (8.5)† 2.0 (0–63) 593 
A. fumigatus 2 (0.0) 0.0 (0–1)  18 (0.4) 0.0 (0–13)  1 (0.0) 

 
 41 (1.0) 0.0 (0–14) 62 

A. niger 2 (0.0) 0.0 (0–1)  0 (0.0) 
 

 42 (1.0) 0.0 (0–23)  62 (1.5) 0.0 (0–34) 106 
Aspergillus NI 0 (0.0) 

 
 0 (0.0) 

 
 29 (0.7) 0.0 (0–25)  0 (0.0) 

 
29 

Other fungi 
  

 
  

 
  

 
   

Alternaria 4 (0.1) 0.0 (0–3)  0 (0.0) 
 

 38 (0.9) 0.0 (0–6)  1 (0.0) 
 

43 
Aureobasidium 6 (0.1) 0.0 (0–2)  0 (0.0) 

 
 6 (0.1) 0.0 (0–6)  2 (0.0) 0.0 (0–1) 14 

Cladosporium 154 (3.8) 2.0 (0–23)  0 (0.0) 
 

 131 (3.2) 1.0 (0–15)  0 (0.0) 
 

285 
Geotrichum 0 (0.0) 

 
 1 (0.0) 

 
 0 (0.0) 

 
 0 (0.0) 

 
1 

Mucorales 2 (0.0) 0.0 (0–1)  2 (0.0) 0.0 (0–1)  8 (0.2) 0.0 (0–1)  2 (0.0) 0.0 (0–1) 14 
Penicillium 118 (2.9) 2.0 (0–20)  26 (0.6) 0.0 (0–10)  135 (3.3) 0.0 (0–33)  24 (0.6) 0.0 (0–19) 303 
Molds NI 20 (0.5) 0.0 (0–16)  0 (0.0) 

 
 1 (0.0) 

 
 3 (0.1) 0.0 (0–2) 24 

Growth NI 2 (0.0) 0.0 (0–1)  0 (0.0) 
 

 0 (0.0) 
 

 2 (0.0) 0.0 (0–2) 4 
No growth 3 

 
 26 

 
 3 

 
 13 

 
45 

Fungi in total 492 (12.0) 9.0 (0–44)  55 (1.3) 0.0 (0–13)  640 (15.6) 13.0 (0–59)  525 (12.8) 6.0 (0–71) 1,712 
*Samples were taken from 41 locations on the outbreak floor in March 2024 and cultured at 25°C or 37°C . Bolding highlights A. flavus findings. NI, not 
identified. 
†p<0.001 for culturing surface samples at 37°C versus 25°C (A. flavus). 
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cluster 10 used core-genome SNPs with strain T21212 
as reference. We used BEAST2 (https://www.beast2.
org) with sample dates as tips, BEAST Model Test, 
a relaxed clock model, and coalescent exponential 
population, with Markov chain Monte Carlo lengths 
of 200 million. We inferred clusters using TreeCluster 
(21) with the Max Clade method at a threshold of 0.01 
for the full dataset and 0.001 for the cluster 10 tree. 
Furthermore, we inferred STRAfla locus 2A ancestral 
state in R version 4.4.2 using the ace function from the 
package ape under an equal-rates model.

Results

Environmental Sampling
For initial sampling and comparison of strategies, 
paired sampling with culture on V8 agar yielded 1,712 
fungal CFU, of which 775 were classical opportunis-
tic species (including Aspergillus flavus, A. fumigatus, 
A. niger, and Mucorales spp.) and 593 were A. flavus 
specifically (Table 1, Figure 2). Surface sampling was 
more sensitive than air sampling overall (1,165 CFU 
[surface] vs. 547 CFU [air]), for the classical opportu-
nistic species (731 CFU [surface] vs. 30 CFU [air]), and 
for A. flavus specifically (585 CFU [surface] vs. 8 CFU 
[air]) in the paired 81 air versus 81 surface samples. 
Culturing surface samples at 37°C increased A. flavus 
yield 1.77-fold (95% CI 1.57–1.99-fold; p<0.001). For 
air samples, the total CFU counts varied 9.2 fold at 
the 2 temperatures mainly because of notably fewer 
A. calidoustus, Cladosporium, and Penicillium spp. iso-
lates when incubating at 37°C. Outdoor air controls 
grew Cladosporium and Penicillium spp. isolates but 
not A. flavus isolates.

We performed subsequent sampling during 
April–June 2024 with incubation at 37°C in 15 pe-
diatric ward locations, which yielded a total of 324  

A. flavus CFU (median 13.0 [range 0–58] CFU/25 cm2). 
Additional sampling above the ceiling gave 195 A. 
flavus CFU (median 4.0 [range 0–55] CFU/25 cm2). 
Samples beneath insulation sheets on the ceiling tiles 
were negative (Figure 3). In the adjacent adult hema-
tology ward (Figure 1), we found 527 A. flavus CFU 
(median 1.0 [range 0–53] CFU/25 cm2). On 10 other 
floors, we collected 164 surface samples; we found 
A. flavus in 5 samples (33 CFU total); 29 were from a 
kitchen refrigerator top (central complex) and 4 were 
scattered elsewhere.

Peak A. flavus contamination was found in a com-
bined staff meeting and lunchroom (room A), the 
main ward kitchen (room B), and staff offices (rooms 
C–D) (Figures 1–3), especially on less frequently 
cleaned surfaces. In November 2024, directed air 
samples suggested that the kitchenette base under 
the sink in room A was a source of contamination; 
yield was 1,500 CFU/m3. After dismantling, micros-
copy confirmed growth of A. flavus on a plywood 
cupboard (Figure 4).

STRAfla of Environmental Isolates
We genotyped a total of 145 A. flavus isolates using 
STRAfla, revealing 28 unique genotypes (Table 2). The 
dominant outbreak genotype, A, was identified in 19 
isolates from 11 patients and 82/96 indoor hospital 
isolates and occurred exclusively on the outbreak 
floor, in both the adult and pediatric hematology 
wards (Table 2; Figure 1). In the adult ward specifi-
cally (Figure 1), 36/38 isolates shared genotype A, 
whereas 2 were different (Table 2). Eight isolates 
from 7 patients and 5 isolates from a contaminated 
DCM incubator shared genotype B, in which 1 of 9 
markers (marker 2A) differed from that of genotype 
A by 1 repeat. Eight additional patient isolates shared 
7–8 markers; genotype A displayed different marker  
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Figure 2. Distribution of 
Aspergillus flavus in hospital 
pediatric hemotology ward in 
study of environmental and 
phylogenetic investigations of 
A. flavus outbreak linked to 
contaminated building materials, 
Denmark, 2025. Bar chart 
displays total A. flavus CFU 
from paired samples in March 
2024 (82 air samples and 82 
surface samples incubated 
at 25°C or 37°C). Distribution 
in rooms of the ward shows 
varying concentration of spores 
with some hotspots of A. flavus 
contamination. 
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variations across the STRAfla panel (Table 2). Among 
the 82 hospital interior isolates with genotype A, 2 
were from the water-damaged plywood cupboard 
in room A (Table 2; Figure 4). STRAfla of 4 outbreak-
unrelated A. flavus isolates from wood-based panels 
(medium-density fiberboard, oriented strand board, 
and plywood) obtained from 2 retailers in Denmark 
and cultured outside this study, revealed partial sim-
ilarity to genotype A with 5–8 of 9 shared markers 
(genotypes C, D, E) (Table 2). Remaining genotypes 
differed from the outbreak genotype A by >5 mark-
ers, as did soil isolates (Table 2).

Whole-Genome Sequencing–Based Population  
Analysis of A. flavus Isolates
A total of 167 isolates underwent whole-genome se-
quencing. We aligned reads to the reference genome 
and identified core-genome SNPs. After excluding 
recombination regions, we retained 303,560 SNPs in 
the reference chromosome for phylogenetic inference. 
This process produced a structured tree with distinct 
clusters separated by thousands of SNPs (Figure 5). 
Outbreak isolates grouped into cluster 10, which 
distinctly separated from others and showed mini-
mal within-cluster variation indicating high genetic  
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Figure 3. Examples of locations with dust accumulation above ceiling and large Aspergillus flavus contamination from hospital pediatric 
hemotology ward in study of environmental and phylogenetic investigations of A. flavus outbreak linked to contaminated building 
materials, Denmark, 2025. A) Ceiling tile from room A with 55 CFU/25 cm2 A. flavus detected on top (none detected underneath); B) the 
same ceiling tile (black item) from room A with the insulation sheet (yellow mat) removed, where the surface had been covered and thus 
tested negative for A. flavus; C) area above ceiling in room B, 24 CFU/25 cm2 (no rock wool); D) thick dust layer on inside of ceiling, 
room B; E) example of a water-damaged part of the wooden framing with mold-like growth above the suspended ceiling, 32 CFU/25 cm2; 
F) 40 CFU/25 cm2 on righthand pipe; G, H) pipes between rooms lacking sealing, which could possibly enable spore dispersal.

Figure 4. Testing materials from 
room A in hospital pediatric 
hemotology ward in study of 
environmental and phylogenetic 
investigations of A. flavus 
outbreak linked to contaminated 
building materials, Denmark, 
2025. A) Directed air sampling 
under the kitchenette with a 
polyethylene tube (red circle). 
B) V8 contact plate from the 
top of the coffee machine 
showing A. flavus colonies 
after 3 days’ incubation at 
37°C. C) Discolored plywood 
(red circle) next to the drain 
after dismantling the cupboard. 
D) Tape preparation of the 
discolored area showing A. 
flavus stipes, heads, and spores.
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similarity. All cluster 10 isolates originated from the 
hospital except for 4 building material isolates.

Using an internal outbreak draft genome as refer-
ence, resolution increased and enabled further analy-
ses. In the cluster-specific tree (Figure 6), we retained 
723 SNPs for time-scaled phylogenetic reconstruction. 
South complex and building material isolates were 
close, but the building material isolates clustered more 
basal alongside 2 isolates from patient 11 (infectious 
disease clinic). The last common ancestor of South 
complex and building material isolates likely dates to 
2002 (95% highest posterior density [HPD] 1995–2008). 
South complex expansion occurred around 2017 (95% 

HPD 2015–2018). Isolates were distinct from the DCM 
isolates, which expanded around 2020 (95% HPD 
2018–2021). A common ancestor to that monophyletic 
cluster dates back to ≈1990 (95% HPD 1975–2004).

Infectious disease clinic isolates were mainly 
from outpatients and considered noninfected. Those 
isolates displayed different STRAfla variants (Figure 
6). Patients 6 and 11 were colonized and culture-pos-
itive twice. In both cases, the patients retained their 
original genotypes over a 1-year period. Isolates from 
patients 5, 8, 9, and 12–14 were regarded as plate 
contaminants because of growth outside the inocu-
lation zone, lack of clinical signs, or both. European  
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Table 2. Aspergillus flavus genotypes found in 145 isolates in study of environmental and phylogenetic investigations of Aspergillus 
flavus outbreak linked to contaminated building materials, Denmark, 2025* 
Source of isolate(s) 
(genotype) 

No. 
isolates 

STRAfla-markers 
Comments 2A 2B 2C 3A 3B 3C 4A 4B 4C 

Patients 1, 2, 4, 6, 9, 10, 16, 
17, 18, 20, 21 (genotype A)† 

19 26 11 12 12 26 9 9 5 9  

Patient 21 3 26 11 12 12 25 9 9 5 9  
Patients 5, 7 ,12–14, 15, 19 
(genotype B) 

8 25 11 12 12 26 9 9 5 9  

Patient 11 1 26 11 12 12 27 9 9 5 9  
Patient 11 1 27 11 12 12 27 9 9 5 9  
Patient 8 1 26 11 14 12 26 9 9 5 9  
Patient 3 1 25 11 12 12 26 9 9 5 NA‡  
Patient 15 1 25 11 12 12 26 13 9 5 9  
Air samples (genotype A)† 9 26 11 12 12 26 9 9 5 9 Pediatric hematology ward 
Plywood cupboard in room 
A§ (genotype A)† 

2 26 11 12 12 26 9 9 5 9 Pediatric hematology ward 

Vacuum cleaner bag 
(genotype A)† 

2 26 11 12 12 26 9 9 5 9 Pediatric hematology ward 

DCM laboratory incubator 
(genotype B) 

5 25 11 12 12 26 9 9 5 9  

Hospital interior (genotype 
A)† 

69 26 11 12 12 26 9 9 5 9 Adult/pediatric hematology 
ward 

Hospital interior 1 62 11 12 9 20 9 7 12 10 Central complex 
Hospital interior 1 40 12 11 8 13 4 7 7 9 South complex¶ 
Hospital interior 1 31 11 10 8 13 14 7 12 10 Adult hematology ward 
Hospital interior 2 27 13 8 14 29 9 9 5 9 Central complex 
Hospital interior 1 20 16 11 10 22 32 7 8 8 Pediatric hematology ward 
Hospital interior 2 15 16 28 11 17 15 7 8 9 South complex¶ 
Hospital interior 1 14 11 10 8 22 9 7 12 10 Adult hematology ward 
MDF (genotype C) 1 26 11 13 12 28 9 9 5 9 Retailer 1 
MDF (genotype D) 1 NA‡ NA‡ NA‡ 12 27 9 9 5 9 Retailer 2 
OSB (genotype E) 1 26 11 12 12 27 9 9 5 9 Retailer 1 
PW (genotype E) 1 26 11 12 12 27 9 9 5 9 Retailer 1 
Soil-1a 1 15 7 22 16 12 16 9 5 8  
Soil-1b 1 15 7 23 17 13 5 9 5 8  
Soil-6a 1 15 11 12 8 30 14 8 7 10  
Soil-7a 1 16 7 11 19 6 5 7 5 8  
Soil-7b 1 30 11 11 8 24 15 7 7 10  
Soil-7c 1 15 7 21 18 12 11 10 5 8  
Soil-7d 1 28 11 11 8 20 9 7 12 10  
Soil-7e 1 29 11 11 8 23 15 7 7 10  
Soil-7f 1 16 7 33 14 6 11 17 5 8  
Soil-7g 1 39 11 10 8 45 9 7 12 10  
Total 145           
*Including 33 isolates compiled from Gewecke et al. (6). Patient numbers in bold indicate cases in which culture-plate contamination was assumed 
because of lack of symptoms, lack of statements in the medical records, or both. Gray shading indicates STRAfla marker overlaps with outbreak. MDF, 
medium-density fiberboard; OSB, oriented strand board; PW, plywood. 
†Principal South complex outbreak cluster genotype A.  
‡No STRAfla profile.  
§Microscopy-confirmed growth of A. flavus on kitchen plywood cupboard in room A (see Figure 4). 
¶South complex but different floor than outbreak ward. 
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Figure 5. Rooted maximum-likelihood phylogeny of 167 A. flavus isolates (cropped) from study of environmental and phylogenetic 
investigations of A. flavus outbreak linked to contaminated building materials, Denmark, 2025. The tree shows clear distinction of several 
major clusters, including 1 monophyletic cluster 10 that contained all outbreak isolates. The tree was reconstructed based on 303,560 core-
genome SNPs and rooted with MUS_9860 as outgroup. Scale bar indicates substitutions per site. Clusters were determined using TreeCluster 
(https://github.com/niemasd/TreeCluster). Full tree available in Appendix 1 (https://wwwnc.cdc.gov/EID/article/32/3/25-1219-App1.pdf). BAL, 
bronchoalveolar lavage; NA, not available (information on material source); RH, Rigshospitalet; SNP, single-nucleotide polymorphism. 
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Organisation for Research and Treatment of Cancer 
classification (into proven, probable, possible, or no 
infection) remains unverified (22).

Phylogenetic analysis also showed that STRAf-
la marker 2A was able to consistently differentiate 
South complex from DCM isolates (26 repeats for 
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Figure 6. Time-scaled core-genome SNP-based phylogeny of cluster 10, which contained all outbreak isolates, in study of environmental 
and phylogenetic investigations of A. flavus outbreak linked to contaminated building materials, Denmark, 2025. Bars around internal nodes 
indicate the 95% highest posterior density (HPD) interval of the branching time. There is a distinct clustering of the South complex outbreak 
isolates (indicated as Outbreak), the isolates from building materials, and isolates from the DCM versus other quality control strains or strains 
from Denmark (Figure 4). Dating of ancestral nodes indicates that a common ancestor to the outbreak floor clonal expansion existed in the 
South complex around 2017 (95% HPD 2015–2018). The isolates from the outbreak floor are closely related with the building material isolates 
and share an inferred ancestor in 2002 (95% HPD 1995–2008). An expansion of a more recent ancestor occurred in the DCM around 2020 
(95% HPD 2018–2021), detected as contamination in a laboratory incubator entailing an infection in >1 patient (case 19) and possibly also 
contamination of clinical samples (case 12, 13, 14) based on medical records. Earliest inferred ancestor to all outbreak isolates possibly 
existed around 1990 (95% HPD 1975–2004). The consensus tree was obtained using BEAST2 (https://www.beast2.org) on 723 core-
tygenome SNPs called using an internal reference (T21212). A. flavus from patients 3, 7, and 15 were not available for sequencing. BAL, 
bronchoalveolar lavage; DCM, Department of Clinical Microbiology; inf. dis., infectious disease; SNP, single-nucleotide polymorphism.
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South complex vs. 25 repeats for DCM isolates) (Table 
2). The ancestral genotype of both were most likely 
genotype A with 26 repeats on the basis of an inferred 
ancestral state.

Discussion
This study highlights some of the challenges faced 
in an Aspergillus outbreak investigation, the impor-
tance of optimal sampling and identification strate-
gies, and the valuable insights provided by modern 
typing and whole-genome sequencing techniques. 
Environmental sampling was challenging. Air sam-
pling notably underestimated the overall burden of 
A. flavus on the outbreak floor, whereas in this in-
vestigation surface sampling proved notably more 
sensitive, not only for A. flavus but also for A. fu-
migatus and A. niger. Surface sampling established 
a contamination gradient across the outbreak floor 
(Figures 2, 3) and thus enabled the discovery of a 
plywood cupboard with microscopy-confirmed A. 
flavus growth (room A) (Figure 4). Phylogeny re-
vealed a close link between the outbreak isolates 
and 4 A. flavus isolates from unused wood-based 
building materials sourced from 4 retailers in 
Denmark (Figure 6). Alongside confirmed in situ 
growth on 1 such material inside the ward (Figure 
4), those findings suggest precontaminated build-
ing materials as a potential origin of the outbreak. 
On the basis of 95% HPD interval, a common ances-
tor to cluster 10 might have entered during initial 
hospital construction (≈1970s) or during later reno-
vations. As previously speculated, the South com-
plex isolates likely spread during ward renovations 
during 2017–2019 (5), coinciding with the outbreak 
onset, in accordance with this study’s detection of 
clonal expansion in the South complex occurring at 
that time (Figure 6).

Consensus guidelines regarding how to per-
form and interpret Aspergillus hospital outbreak in-
vestigations are currently sparse and linked to air 
sampling. Ruiz-Camps et al. (23) recommended a 
limit of 0.5 fungal CFU/m3 in HEPA-protected air 
and 25 CFU/m3 in unprotected air but did not speci-
fy a culture temperature. Chang et al. (24) suggested 
limits of <5 Aspergillus CFU/m3 in protective isola-
tion areas and <0.1 Aspergillus CFU/m3 in HEPA-
filtered environments, along with a threshold of 15 
fungal CFU/m3 for gross colony counts. Moreover, 
culture at 37°C was recommended to favor growth 
of human pathogenic fungi (24). However, Morris et 
al. (25), using the same thresholds, advised cultur-
ing at 28°C. Those discrepancies are not trivial and 
may result in divergent risk assessment. Optimal 

growth conditions for A. flavus are 32°C–33°C, sub-
strate water activity of 0.95, and pH 4–6.5 (26,27). 
However, it grows well at 37°C (28) and can grow 
at 20°C–40°C, substrate water activity of >0.80, and 
pH 4–9 (26,27). In addition, A. flavus can grow in 
a variety of substrates because of its abundant en-
zyme production (11). In our study, mean total fun-
gal CFU counts varied 9-fold for paired air samples 
cultured at the 2 temperatures, mainly because of 
A. calidoustus, Cladosporium, and Penicillium, which 
dominated spore counts at 25°C but rarely cause 
infections. Perhaps even more concerning, air sam-
pling was overall notably insensitive to detect A. 
flavus. Thus, surface sampling from infrequently 
cleaned sites is key for detection; this sampling sub-
stantially increased the yield of A. flavus (as well 
as of A. fumigatus and A. niger), in agreement with 
previous observations (11,29). Moreover, this study 
suggests incubation at 37°C to favor A. flavus (and 
other opportunistic molds) and to minimize over-
growth of irrelevant species, thereby avoiding dif-
ficulties in plate reading and underestimation of the 
A. flavus burden (Table 1). Finally, the dispersal of 
spores throughout the outbreak floor indicates that 
settled dust in less frequently cleaned areas might 
serve as satellite sources of spores with dust-medi-
ated spread of A. flavus (30).

STRAfla typing identified the outbreak geno-
type A exclusively on the outbreak floor (Table 2) 
during the environmental sampling session March–
June 2024. Closely related isolates came from 7 
additional patients, a DCM incubator (5 isolates) 
(shared 8/9 markers, genotype B), and from wood-
based materials (4 isolates) that shared 5–8/9 (gen-
otypes C, D, E) STRAfla markers with the outbreak 
genotype A. Of note, individual STRAf markers in 
A. fumigatus might gain single-repeat variants over 
serial propagation in vivo and in vitro as a result 
of microevolution (31); thus, we initially regarded 
genotype A and B as identical and equally involved 
in the outbreak despite a 1-repeat difference (Table 
2). However, genome-based phylogenetic analysis 
confirmed that degrees of isogeneity among A. fla-
vus, observed through STRAfla typing were consis-
tent. Single-repeat differences at 2A are likely to be 
genetically meaningful, and provided laboratories 
continuously use matching protocol parameters, 
interpretability in regards to single-repeat devi-
ances should not be a concern (32). The relatively 
small variations in repeat counts in the genotypes 
of wood-based isolates might also reflect the evo-
lutionary biology of STR sequences that possibly 
evolve through small, stepwise repeat changes over 
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time (33,34). Taken together, our results support 
STRAfla’s continued value as a sensitive and spe-
cific frontline screening tool for clinical outbreak  
investigations. Furthermore, those findings are con-
sistent with those of other studies validating micro-
satellite assays in fungi through genome sequenc-
ing (7,9,10), although species-dependent variation 
in discriminatory power might exist.

Core-genome phylogeny revealed clusters across 
the isolate collection; cluster 10 (Figures 5, 6) distinctly 
separated from other clusters. Cluster 10 isolates only 
included isolates from the outbreak hospital, except 
those from building materials, supporting a localized 
outbreak. Minimal genetic diversity within cluster 10 
indicated recent clonal expansion.

Bayesian time-scaled phylogeny identified 3 clus-
ter 10 genetic variants: 1 in the South complex, 1 in ex-
ternal building materials (and patient 11 [Figure 6]), 
and 1 in the DCM. The variants were detected at dif-
ferent time points, but a common ancestor could date 
back to the 1970s, coinciding with the construction of 
the hospital (Figure 6).

Confirmed growth of the South complex variant 
on a plywood base in the outbreak ward suggests 
a link to precontaminated wood-based materials, 
also observed for other molds (35). The plywood 
was part of a kitchen installed in 2012, raising 2 
possibilities: that periodic hospital renovations 
and occasional water damage promoted growth 
of already prevalent spores that persisted and 
evolved within the hospital environment, or that 
repeated introductions to the hospital occurred, 
possibly through precontaminated wood-based 
materials. The second is supported by almost ge-
netically identical A. flavus isolates found in hospi-
tal-unrelated wood-based materials from retailers 
in Denmark, but that theory does not explain the 
finding of an outbreak isolate in a patient sample 
as early as 2008. If precontaminated materials were 
the original source, dormant A. flavus spores might 
have germinated after water damage (36). Wood-
based materials can act as Aspergillus substrates 
(11), and strains phylogenetically related to the out-
break isolates grew on both plywood and oriented 
strand board (Table 2; Figure 4). Whether cluster 
10 represents a genetically distinct subdivision of 
A. flavus or whether genome rearrangements (37), 
other alterations (38), or selective pressures (7,38) 
drove its hospital expansion remains unresolved. 
However, our findings raise concern related to the 
use of wood-based materials (and organic building 
materials in general) in hospital areas housing im-
munocompromised patients.

In conclusion, this study underscores the impor-
tance of comprehensive and correct environmental 
sampling and genomic analysis in A. flavus outbreaks. 
Our understanding of this outbreak was substantially 
enhanced by the use of phylogenetic analysis. Dor-
mant spores of A. flavus had begun actively growing 
within the hospital environment, with settled dust 
acting as a reservoir for conidia. Phylogeny vali-
dated STRAfla typing as a sensitive and specific tool 
for frontline outbreak investigation. Crucially, time-
scaled phylogeny linked the outbreak isolates to A. 
flavus isolated from colonized wood-based materials, 
implicating the hospital’s original construction or 
subsequent renovations as the likely source of intro-
duction. Our findings should be taken into consider-
ation in planning for the material composition of fu-
ture hospitals.
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etymologia revisited
Trichinella spiralis  
[tri-kuh-neh′-luh spr-a′-luhs]

Trichinella is derived from the Greek words trichos (hair) and ella (di-
minutive); spiralis means spiral. In 1835, Richard Owen (1804–1892) 

and James Paget (1814–1899) described a spiral worm (Trichina spiralis)–
lined sandy diaphragm of a cadaver. In 1895, Alcide Raillet (1852–1930) 
renamed it as Trichinella spiralis because Trichina was attributed to an 
insect in 1830. In 1859, Rudolf Virchow (1821–1902) described the life 
cycle. The genus includes many distinct species, several genotypes, and 
encapsulated and nonencapsulated clades based on the presence/ab-
sence of a collagen capsule.
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In the United States, tuberculosis (TB) cases and inci-
dence rates (cases/100,000 persons) declined steadi-

ly during 1992–2019 (1). During 2010–2019, both case 
counts and incidence rates decreased by an average of 
3% per year. In 2020, concurrent with the onset of the 
COVID-19 pandemic, the United States reported 7,170 
TB cases and an incidence rate of 2.2, representing a 
19% decline in cases and 20% decline in incidence rate 
compared with 2019. The percentage decreases in TB 
case count and incidence rate from 2019 to 2020 were 
>6–8 times that of the yearly average from 2010–2019 
(1). The drop in cases in 2020 was likely a result of mul-
tiple factors associated with the COVID-19 pandemic, 
including delayed diagnoses, changes in movement 
or travel of non–US-born persons to the United States 
(migration), and pandemic mitigation efforts (2).

Since 2001, most TB cases in the United States 
have occurred among persons born outside the Unit-
ed States (1). When stratified by the number of years 
since arrival, the highest percentage of TB diagnoses 
among non–US-born persons occurs in the first few 
years after arrival in the United States. In 2020, a total 
of 28% of cases among non–US-born persons were di-
agnosed within 5 years of arrival in the United States, 
compared with 30% in 2019 and a median of 32% dur-
ing 2010–2018 (1).

TB cases and incidence rates have increased ev-
ery year since 2020. TB cases increased by 10% from 
2020 (n = 7,170) to 2021 (n = 7,866), 6% from 2021 
to 2022 (n = 8,332), and 16% from 2022 to 2023 (n = 
9,633). Similarly, TB incidence rate increased by 10% 
from 2020 (2.2 cases/100,000 persons) to 2021 (2.4 
cases/100,000 persons), 6% from 2021 to 2022 (2.5 
cases/100,000 persons), and 15% from 2022 to 2023 
(2.9 cases/100,000 persons) (1).

We used multiple data sources to determine if the 
substantial drop in TB cases in 2020 was statistically 
different from what would have been expected had 
the COVID-19 pandemic not occurred and to examine 
possible factors that contributed to that drop and the 
subsequent increase in cases after 2020. The Centers 
for Disease Control and Prevention (CDC) reviewed 
this activity and deemed it not research. We conduct-
ed the study consistent with applicable federal law 
and CDC policy (2).

Materials and Methods
The 50 US states and the District of Columbia are re-
quired to report each new TB case to CDC’s National 
Tuberculosis Surveillance System (NTSS) (3), using 
the Report of Verified Case of Tuberculosis (4). For 
our analysis, we obtained verified TB case counts 
from NTSS (1,5). We created a Poisson regression 
model to estimate annual TB case counts during 2010–
2019, the years preceding the COVID-19 pandemic,  

Tuberculosis before and during 
COVID-19 Pandemic,  

United States, 2010–2023
Pei-Jean I. Feng, Christina R. Phares, Robert Pratt, Julie L. Self

388	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 3, March 2026	

RESEARCH

Author affiliation: Centers for Disease Control and Prevention, 
Atlanta, Georgia, USA

DOI: https://doi.org/10.3201/eid3203.251459

After a steady decline in tuberculosis (TB) during 2010–
2019, the United States reported a sharp drop in 2020 
and increases during 2021–2023. We assessed wheth-
er TB cases during 2020–2023 differed from what was 
expected in the absence of the COVID-19 pandemic. 
Using data from the Centers for Disease Control and 
Prevention National TB Surveillance System and Elec-
tronic Disease Notification system, we constructed 
Poisson regression models to predict frequencies of TB 
cases, persons receiving TB diagnosis within 1 year of 
arrival, and persons for whom postarrival TB follow-up 
was recommended on the basis of 2010–2019 trends. 
We observed lower than predicted TB cases (7,170 ob-
served,  8,822 predicted), persons receiving diagnosis 
within 1 year of arrival (208 observed, 259 predicted), 
and persons with class B TB (4,827 observed, 7,169 
predicted) in 2020. Migration changes and COVID-19–
related factors likely contributed to the decrease in TB in 
2020 and increases during 2021–2023.
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which we used to predict counterfactual annual case 
counts during the pandemic (2020–2023). We used 
the bootstrap method to obtain robust estimates of 
the predicted case counts and corresponding predic-
tion intervals by running the Poisson model on 1,000 
replicate datasets randomly sampled, with replace-
ment, from the observed 2010–2019 case counts. The 
median of the 1,000 replicate predictions represents 
the bootstrap estimate of the predicted annual case 
count. The 2.5th and 97.5th percentiles represent the 
95% prediction interval (PI), which accounts for the 
uncertainty from estimating the model and the vari-
ance of the projected case counts. We applied the 
bootstrap method to all models in our analysis.

The Poisson model consisted of predictors for 
case count year: the previous year’s TB case count, 
which controls for autocorrelation and represents po-
tential lag effects carried over from the previous year, 
and an offset variable to represent the US population 
from the US Census Bureau national population to-
tals from 2023 (6). The offset variable accounted for 
population changes and enabled us to model rates, 
while maintaining the count structure of our data. We 
also stratified the Poisson model by origin of birth to 
examine if the association between COVID-19 and 
TB case counts differed among US-born persons and 
non–US-born persons. In NTSS, persons born in the 
United States, in US territories, or elsewhere to >1 
US citizen parent were categorized as US-born. All 
other persons were categorized as non–US-born. We 
excluded persons with unknown origin of birth from 
the stratified analysis. We used annual US-born and 
non–US-born population estimates from the US Cen-
sus Bureau American Community Survey (ACS) as 
offsets for the respective stratified Poisson models (7). 
Persons with a value for the citizenship status vari-
able in ACS of not a citizen of the US or US citizen 
by naturalization were categorized non–US-born; all 
others were categorized as US-born (8).

To investigate the effect of migration-related fac-
tors on TB during the COVID-19 pandemic, we pre-
dicted the number of persons who received a TB diag-
nosis within 12 months of arrival to the United States 
(persons with first-year diagnoses) during 2020–2023 
using a Poisson regression, based on 2010–2019 data, 
limited to non–US-born persons only. We determined 
the duration between arrival in the United States and 
diagnosis of TB by calculating the difference between 
the arrival date and the date the case was first report-
ed to the health department. To control for autocor-
relation, the model included predictors representing 
year of arrival to the United States and the number 
of persons with first-year diagnoses during the pre-

vious year. The offset variable for this model repre-
sented the annual number of non–US-born persons, 
regardless of legal status, who arrived in the United 
States, as reported by ACS (7). Because persons who 
arrive in the United States may later emigrate from 
the United States, the number of persons who report 
arriving during a particular year will decrease over 
time. We found that the reported number of persons 
who arrived in the United States in a particular year 
peaked in the 1-year ACS estimate of the following 
year. Therefore, we included the ACS estimates from 
the following year as the offset variable. We used that 
model to predict the number of persons with first-
year diagnoses during 2020–2022. Because the peak 
number of persons who arrived in 2023 was not pub-
lished at the time of our analysis, we predicted counts 
through 2022.

To further assess migration-related factors on TB 
during the pandemic, we analyzed health informa-
tion reported to CDC’s Electronic Disease Notifica-
tion (EDN) system from overseas medical examina-
tions of refugees, immigrants, and some parolees (9). 
Refugees are persons unable or unwilling to return 
to their country of nationality because of persecution 
or well-founded fear of persecution (10). Immigrants 
are foreign nationals with an immigrant visa who 
become lawful permanent residents upon admis-
sion to the United States (12). Parolees are persons 
granted parole into the United States for humani-
tarian reasons or substantial public benefit (11). An 
overseas medical examination, including screening 
for TB disease, is required for all refugees, all immi-
grants who apply for their immigrant visa from out-
side the United States, and some parolees; we col-
lectively refer to those persons as persons screened 
overseas. Persons assigned a class B TB classification 
during the overseas evaluation are recommended to 
have a postarrival evaluation for TB (13). Class B TB 
classifications are assigned to persons who recently 
finished directly observed treatment for TB disease; 
have signs or symptoms or chest radiographs sug-
gestive of TB disease, or have known HIV infection 
with negative sputum cultures and no clinical diag-
nosis of infectious TB disease; have extrapulmonary 
TB disease with a normal chest radiograph and neg-
ative sputum cultures; have a diagnosis of latent TB 
infection; or are contacts to infectious TB disease cas-
es (13). We examined data from EDN to measure the 
effects of COVID-19 on the annual number of per-
sons screened overseas who were assigned a class B 
TB classification (persons with class B TB). We creat-
ed a Poisson model to predict the number of persons 
with class B TB during 2020–2023 on the basis of 
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prepandemic data, using year of arrival as the only 
predictor. We did not include a lag term because the 
number of persons with class B TB each year was not 
influenced by the previous year’s number. We used 
the total number of refugees documented in EDN, 
along with the number of new arrivals obtaining 

lawful permanent resident status provided by the 
US Department of Homeland Security, as the offset 
variable for this model (14).

We conducted statistical analyses using SAS ver-
sion 9.4 (SAS Institute, Inc, https://www.sas.com) 
and R statistical software version 4.4.2 (The R Proj-
ect for Statistical Computing, https://www.r-project.
org). We designated statistical significance at 5% (α 
<0.05). We considered as statistically significant any 
observed counts during 2020–2023 that fell outside 
the 95% PIs of the predicted counts.

Results
During 2010–2023, a total of 129,123 TB cases were re-
ported to NTSS; of those, 96,122 cases were reported 
in 2010–2019, before the pandemic, and 33,001 cases 
in 2020–2023, during the pandemic (Table 1). The 
percentage of TB cases that occurred among US-born 
persons decreased from 33% (n = 32,083) during 
2010–2019 to 26% (n = 8,599) during 2020–2023. The 
most common age group was 25–44 years among all 
persons across the prepandemic and pandemic peri-
ods: 29,670/96,122 (31%) persons during 2010–2019 
and 9,841/33,001 (30%) persons during 2020–2023. 
The most common age group among US-born per-
sons was 45–64 years, 11,256/32,083 (35%) persons 
during 2010–2019 and 2,501/8,599 (29%) persons dur-
ing 2020–2023. 

 The most common age group among non–US-
born persons was 25–44 years, 22,727/63,990 (36%) 
persons during 2010–2019 and 7,795/24,341 (32%) 
during 2020–2023) (Table 2). Among persons with 
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Table 1. Demographic characteristics of all persons with 
tuberculosis disease reported to the National TB Surveillance 
System, United States, 2010–2023* 

Characteristic 
No. (%) persons  

2010–2019 2020–2023 

All 96,122 33,001 
Sex 

  

 M 58,544 (61) 20,337 (62) 
 F 37,567 (39) 12,653 (38) 
Age group, y 

  

 0–4 2,627 (3) 755 (2) 
 5–14 2,003 (2) 706 (2) 
 15–24 9,599 (10) 3,227 (10) 
 25–44 29,670 (31) 9,841 (30) 
 45–64 29,655 (31) 9,608 (29) 
 >65 22,564 (23) 8,861 (27) 
Race or ethnicity† 

  

 American Indian or  
 Alaska Native 

1,185 (1) 387 (1) 

 Asian 31,665 (33) 11,066 (34) 
 Black or African American 20,814 (22) 5,850 (18) 
 White 13,129 (14) 3,401 (10) 
 Native Hawaiian or other 
 Pacific Islander 

896 (1) 532 (2) 

 Hispanic or Latino 27,610 (29) 10,909 (33) 
 Multiple race 586 (1) 549 (2) 
*2010–2019 is the period before the COVID-19 pandemic; 2020–2023 is 
the period during the COVID-19 pandemic. 
†Persons who identified as Hispanic or Latino were categorized as 
Hispanic, regardless of self-reported race. Persons who did not identify as 
Hispanic or Latino were categorized by self-reported race; if >1 race was 
reported, the person was categorized as multiple race. 

 

 
Table 2. Demographic characteristics of persons with tuberculosis disease reported to the National TB Surveillance System, by origin 
of birth, United States, 2010–2023* 

Characteristic 
US-born, no. (%) persons  

 
Non–US-born, no. (%) persons  

2010–2019 2020–2023 2010–2019 2020–2023 
All 32,083 8,599  63,990 24,341 
Sex 

  
 

  

 M 20,668 (64) 5,384 (63)  37,839 (59) 14,914 (61) 
 F 11,414 (36) 3,213 (37)  26,142 (41) 9,421 (39) 
Age group, y 

  
 

  

 0–4 2,314 (7) 680 (8)  313 (0) 75 (0) 
 5–14 1,240 (4) 442 (5)  763 (1) 263 (1) 
 15–24 2,948 (9) 951 (11)  6,650 (10) 2,275 (9) 
 25–44 6,932 (22) 2,037 (24)  22,727 (36) 7,795 (32) 
 45–64 11,256 (35) 2,501 (29)  18,378 (29) 7,090 (29) 
 >65 7,392 (23) 1,986 (23)  15,156 (24) 6,842 (28) 
Race or ethnicity† 

  
 

  

 American Indian or Alaska Native 1,176 (4) 382 (4)  9 (0) 5 (0) 
 Asian 1,331 (4) 442 (5)  30,325 (47) 10,614 (44) 
 Black or African American 12,148 (38) 2,892 (34)  8,664 (14) 2,953 (12) 
 White 10,254 (32) 2,351 (27)  2,871 (4) 1,043 (4) 
 Native Hawaiian or Other Pacific Islander 299 (1) 180 (2)  596 (1) 352 (1) 
 Hispanic or Latino 6,595 (21) 2,183 (25)  20,986 (33) 8,691 (36) 
 Multiple race 214 (1) 111 (1)  370 (1) 437 (2) 
*2010–2019 is the period before the COVID-19 pandemic; 2020–2023 is the period during the COVID-19 pandemic. 
†Persons who identified as Hispanic or Latino were categorized as Hispanic, regardless of self-reported race. Persons who did not identify as Hispanic or 
Latino were categorized by self-reported race; if >1 race was reported, the person was categorized as multiple race. 
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first-year diagnoses, 6,147 (67%) persons arrived 
in the United States during 2010–2019, before the 
onset of COVID-19, whereas 3,053 (33%) arrived 
during and after the pandemic, during 2020–2023 
(Table 3). Similar to all non–US-born persons with 
TB, the most common age group in both periods 
among persons with first-year diagnoses was 25–
44 years (2,425/6,147 [39%] during 2010–2019 and 
1,413/3,053 [46%] during 2020–2023). The next most 
common age group was 15–24 years (1,390/6,147 
[23%] during 2010–2019 and 674/3,053 [22%] during 
2020–2023) (Table 3).

During 2010–2019, the number of persons with 
first-year diagnoses fluctuated from 522 to 708, rep-
resenting an annual percentage change that ranged 
from −20% to 13% (Table 4). The number of persons 
with first-year diagnoses in 2020 was 60% lower than 
in 2019 (n = 208), followed by increases of 227% (n 
= 680) in 2021 and 70% (n = 1,159) in 2022. Prepan-
demic, the annual percentage change in the number 
of non–US-born persons arriving in the United States 
was −17% to 17% (Table 4). In 2020, the number of 
non–US-born persons who arrived in the United 
States decreased by 49% (n = 694,831) from 2019 (n = 
1,369,247) before increasing by 110% (n = 1,456,907) 
in 2021 and 40% (n = 2,036,805) in 2022 (Table 4). The 
total number of persons with first-year diagnoses and 
the total number of non–US-born persons who ar-
rived in the United States in 2023 were unavailable at 
the time of our analysis.

Of persons screened overseas, both before and 
during the pandemic, 4% were assigned class B TB 
classifications documented in EDN (Table 5). Before 
the pandemic, the annual number of persons with 
class B TB was 18,482–28,529; percentage change 
fluctuated from −19% to 19%. Compared with 2019, 

the number of persons with class B TB in 2020 de-
creased by 74% (n = 4,827), then increased by 129% 
(n = 11,056) in 2021, 80% (n = 19,905) in 2022, and 
29% (n = 25,736) in 2023. During 2010–2019, the total 
number of persons screened overseas each year was 
497,255–729,397. In 2020, the total decreased by 62% 
(n = 191,536) compared with 2019 (n = 497,255), be-
fore increasing by 104% (n = 391,138) in 2021, by 38% 
(n = 541,145) in 2022, and by 18% (n = 640,549) in 2023 
(Table 5).
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Table 3. Demographic characteristics of persons with first-year 
tuberculosis diagnoses as reported to the National TB 
Surveillance System, United States, 2010–2023* 

Characteristic 
No. (%) persons  

2010–2019 2020–2023 
All 6,147 3,053 
Sex 

  

 M 3,583 (58) 1,979 (65) 
 F 2,564 (42) 1,074 (35) 
Age group, y 

  

 0–4 174 (3) 41 (1) 
 5–14 276 (4) 99 (3) 
 15–24 1,390 (23) 674 (22) 
 25–44 2,425 (39) 1,413 (46) 
 45–64 1,073 (17) 482 (16) 
 >65 809 (13) 344 (11) 
Race or ethnicity† 

  

 American Indian or  
 Alaska Native 

0 2 (0) 

 Asian 2,401 (39) 705 (23) 
 Black or African American 1,578 (26) 564 (18) 
 White 268 (4) 194 (6) 
 Native Hawaiian or Other 
 Pacific Islander 

55 (1) 28 (1) 

 Hispanic or Latino 1,751 (28) 1,469 (48) 
 Multiple race 60 (1) 20 (1) 
*First-year diagnosis is a TB diagnosis within 12 months of arrival to the 
United States. 2010–2019 is the period before the COVID-19 pandemic; 
2020–2023 is the period during the COVID-19 pandemic. 
†Persons who identified as Hispanic or Latino were categorized as 
Hispanic, regardless of self-reported race. Persons who did not identify as 
Hispanic or Latino were categorized by self-reported race; if >1 race was 
reported, the person was categorized as multiple race. 

 

 
Table 4. Percentage change in non–US-born persons with first-year diagnoses of tuberculosis reported to the National TB Surveillance 
System, by year of arrival, United States, 2010–2023* 

Year of arrival 
No. persons with 

first-year diagnoses Total population† 

Percentage change 
Among persons with 
first-year diagnoses 

Among total 
population 

2010 663 1,158,774 Referent Referent 
2011 558 1,083,782 −15.8 −6.5 
2012 631 1,212,664 13.1 11.9 
2013 634 1,277,674 0.5 5.4 
2014 637 1,494,121 0.5 16.9 
2015 672 1,617,277 5.5 8.2 
2016 708 1,746,695 5.4 8.0 
2017 565 1,447,393 −20.2 −17.1 
2018 557 1,341,551 −1.4 −7.3 
2019 522 1,369,247 −6.3 2.1 
2020 208 694,831 −60.2 −49.3 
2021 680 1,456,907 226.9 109.7 
2022 1,159 2,036,805 70.4 39.8 
*Population consisted of persons not born in the United States, in US territories, or elsewhere to >1 US citizen parent who received a TB diagnosis within 
12 months of arrival to the United States. Data for 2023 were not available at the time of analysis. NA, not available. 
†Population data obtained from the American Community Survey (7). 

 



RESEARCH

On the basis of data reported to NTSS during 
2010–2019, the number of TB cases reported in 2020 
(n = 7,170) was significantly lower by 19% than the 
number predicted (8,822 [95% PI 8,560–9,034]) (Ta-
ble 6; Appendix Figure 1, https://wwwnc.cdc.gov/
EID/article/32/3/25-1459-App1.pdf). Among US-
born persons, the number of observed cases in 2020 
(n = 2,009) was 16% lower than the number predicted 
(2,384 [95% PI 2,200–2,513]) (Table 6; Figure 1). The 
number of cases reported among non–US-born per-
sons (n = 5,151) was 18% lower than predicted (6,273 
[95% PI 6,096–6,459]) (Table 6; Figure 2). Among all 
non–US-born persons who arrived in the United 
States in 2020, a total of 208 persons had first-year 
diagnoses, which was lower, but not significantly 
so, by 20% than the predicted count (n = 259 [95% 
PI 204–294]) (Table 6; Appendix Figure 2). The num-
ber of persons with Class B TB who moved to the 
United States in 2020 (n = 4,827), as documented in 
EDN, was significantly lower by 34% than what was 

predicted (7,169 [95% PI 6,705–7,582]) (Table 6; Ap-
pendix Figure 3).

The observed case count for both US-born and 
non–US-born persons increased every year during 
2020–2023. In 2023, the observed overall case count 
(n = 9,633) was significantly higher than the pre-
dicted count (8,464 [95% PI 8,067–8,856]) by 14% 
(Tables 6, 7; Appendix Figure 1). The observed 
numbers of cases in 2023 (US-born, 2,293; non–US-
born, 7,319) were also significantly higher than 
predicted for both the US-born (10%; 2,078 [95% PI 
1,830–2,267]) and non–US-born (17%; 6,268 [95% PI 
6,059–6,535]) populations (Tables 6, 7; Figures 1, 2). 
During 2020–2023, the total number of observed 
cases (n = 33,001) was 5% lower than the sum of 
predicted cases (n = 34,567) among all persons, 4% 
lower among US-born persons (observed, 8,599; 
predicted, 8,918), and 2% lower among non–US-
born persons (observed, 24,341; predicted, 24,852) 
(Table 7).
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Table 5. Percentage change in persons with class B TB reported to the Electronic Disease Notification system, by year of arrival, 
United States, 2010–2023* 

Year of arrival No. persons with class B TB Total population† 

Percentage change 
Among persons with 

class B TB 
Among total 
population 

2010 24,763 574,672 Referent Referent 
2011 22,300 538,061 −9.9 −6.4 
2012 26,045 570,436 16.8 6.0 
2013 22,884 549,767 −12.1 −3.6 
2014 22,059 563,993 −3.6 2.6 
2015 24,145 630,993 9.5 11.9 
2016 28,529 729,397 18.2 15.6 
2017 23,820 604,016 −16.5 −17.2 
2018 22,786 554,150 −4.3 −8.3 
2019 18,482 497,255 −18.9 −10.3 
2020 4,827 191,536 −73.9 −61.5 
2021 11,056 391,138 129.0 104.2 
2022 19,905 541,145 80.0 38.4 
2023 25,736 640,549 29.3 18.4 
*Population consisted of persons screened overseas before arrival who were recommended to have a postarrival evaluation for TB in the United States. 
TB, tuberculosis. 
†Sum of population data obtained from the Centers for Disease Control and Prevention’s Electronic Disease Notification system (9) and the US 
Department of Homeland Security Yearbook of Immigration Statistics (15). 

 

 
Table 6. Observed and predicted frequencies of TB cases, persons with first-year diagnoses, and persons with class B TB, United 
States, 2020–2023* 

Category 

2020 

 

2023 
No. 

observed 
No. predicted (95% 

PI†) 
Percentage 
difference 

No. 
observed No. predicted (95% PI†) 

Percentage 
difference  

All persons‡ 7,170 8,822 (8,560–9,034) −18.7  9,633 8,464 (8,067–8,856) 13.8 
US-born persons‡ 2,009 2,384 (2,200–2,513) −15.7  2,293 2,078 (1,830–2,267) 10.3 
Non–US-born persons‡ 5,151 6,273 (6,096–6,459) −17.9  7,319 6,268 (6,059–6,535) 16.8 
First-year diagnoses§ 208 259 (204–294) −19.7  NA NA NA 
Persons with class B TB# 4,827 7,169 (6,705–7,582) −32.7  25,736 22,953 (20,876–25,055) 12.1 
*Data for TB cases and first-year diagnoses are from National TB Surveillance System; data for Class B TB are from CDC’s Electronic Disease 
Notification system (9). First-year diagnoses are those of persons who received a diagnosis of TB disease within 12 months of arrival to the United States. 
Persons with Class B TB are those screened overseas before arrival who are recommended to have a postarrival evaluation for TB in the United States. 
NA, not available; TB, tuberculosis. 
†Bootstrap prediction interval. 
‡Predicted (counterfactual) frequencies for 2020 and 2023 were estimated from Poisson models using data from NTSS during 2010–2019 (3). 
§Data for 2023 were not available at the time of analysis.  
#Predicted frequencies for 2020 and 2023 were estimated from a Poisson model using data from EDN during 2010–2019 (9). 
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Discussion
In 2020, with the onset of COVID-19, the TB case 
count in the United States decreased by 19% com-
pared with 2019 (Table 6). The observed case counts 
in 2020 among both US-born and non–US-born per-
sons were each significantly lower than predicted by 
the Poisson model. Several COVID-19-related factors 
likely contributed to the significant decrease in TB 
cases in 2020.

Changes in migration likely contributed to the 
decrease in TB in 2020, because the number of non–
US-born persons who entered the United States in 
2020 decreased by about half compared with 2019 (7). 
In addition, DHS reported a 62% decrease in the num-
ber of new-arrival immigrants in 2020 compared with 
2019 (15). EDN data also showed a decrease of >60% 

from 2019 to 2020 in the number of persons arriving 
in the United States who were screened overseas (Ta-
ble 5). Fewer persons entered the country in 2020; the 
number of persons with first-year diagnoses also de-
creased (1). Changes in migration likely contributed 
to the significant decrease in cases in 2020 but do not 
fully explain it; we observed a decline in 2020 among 
US-born persons also.

COVID-19 mitigation strategies might have con-
tributed to the drop in TB cases in 2020. For example, 
mandated or voluntary sheltering in place, use of 
masks, and physical distancing might have decreased 
the transmission of not only COVID-19 but also TB 
(16,17). Compliance with shelter-in-place mandates 
and fear of contracting COVID-19 might also have 
discouraged people from seeking healthcare (18). In 
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Table 7. Number of observed and predicted tuberculosis cases reported to the National TB Surveillance System, by origin of birth, 
United States, 2020–2023* 

Year 
All 

 
US-born 

 
Non–US-born 

No. observed No. predicted No. observed No. predicted No. observed No. predicted 
2020 7,170 8,822  2,009 2,384  5,151 6,273 
2021 7,866 8,703  2,170 2,278  5,676 6,168 
2022 8,332 8,578  2,127 2,178  6,195 6,144 
2023 9,633 8,464  2,293 2,078  7,319 6,268 
Total 33,001 34,567  8,599 8,918  24,341 24,852 
*Predicted (counterfactual) frequencies estimated from Poisson models of NTSS data with predictors representing the year the case was counted, the 
previous year’s TB case count, and an offset representing the size of the US population from the US Census Bureau. Persons born in the United States, 
certain US territories, or elsewhere to >1 US citizen parent are categorized as US-born. All other persons are categorized as non–US-born. Persons with 
unknown origin of birth were excluded from the stratified analysis. 

 

Figure 1. Observed and 
predicted tuberculosis cases 
among US-born persons reported 
to the National TB Surveillance 
System, United States, 2010–
2023. US-born persons are those 
born in the United States, in US 
territories, or elsewhere to >1 US 
citizen parent. 



RESEARCH

a nationwide survey, 41% of adults reported having 
delayed or avoided medical care because of concerns 
about COVID-19 (18). In addition, by using health 
insurance claims data, researchers found that overall 
healthcare use decreased by 23% in March 2020 and 
by 52% in April 2020 (19). In San Francisco, Califor-
nia, USA, the city health department reported a sub-
stantial drop in persons seeking medical evaluations 
for signs and symptoms of TB disease after a legal or-
der for shelter-in-place and a pause on routine medi-
cal appointments and elective surgery was issued in 
March 2020 (20).

The diversion of funds and staff away from TB 
programs and toward the COVID-19 response se-
verely impaired the ability of TB programs to iden-
tify and diagnose TB, which likely contributed to a 
lower-than-expected case count in 2020. Activities 
such as testing, diagnosing and treating TB, conduct-
ing thorough and timely contact investigations, and 
prompt specimen turnaround time from laboratories 
were all disrupted (21). In April 2020, CDC reported 
that the deployment of TB program staff to COVID-19 
activities had decreased the capacity of TB programs 
across the country to conduct essential TB-related ac-
tivities. For example, 52% of TB programs saw a par-
tial or high impact on the ability to diagnose and treat  

persons with TB disease and 64% saw a partial or 
high impact on the ability to conduct contact investi-
gations for infectious TB cases (22).

Because identifying COVID-19 during the pan-
demic in emergency settings took priority, and be-
cause of the shared characteristics between COVID-19  
and TB, such as the mode of transmission, risk fac-
tors, and respiratory manifestation, clinicians were 
likely to overlook the possibility of a TB diagnosis 
(21). Researchers found that during times of elevated  
COVID-19 incidence, clinicians in California had 
missed opportunities to diagnose TB disease in per-
sons who sought care for respiratory symptoms by 
testing only for COVID-19 (23).

Since 2021, the number of TB cases in the United 
States has increased annually. In 2023, the TB case 
count (n = 9,633) surpassed the count in 2013 (n = 
9,238). Similarly, the incidence rate of 2.9 in 2023 had 
not been reported so low since 2016 (1). The percent-
age increase in the number of persons with first-year 
diagnoses was >2 times the increase in the total num-
ber of non–US-born persons who arrived in the Unit-
ed States from 2020 to and 2021 and 1.8 times higher 
from 2021 to 2022. Those findings suggest not only 
that more non–US-born persons arrived in the United 
States after the onset of the COVID-19 pandemic in 
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Figure 2. Observed and 
predicted tuberculosis cases 
among non–US-born persons 

reported to the National TB 
Surveillance System, United 
States, 2010–2023. Non–US-
born persons are those who 
were not born in the United 
States, in US territories, or 
elsewhere to >1 US citizen 
parent.
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2020 but also that the risk for TB among those persons 
might have been higher than among persons who ar-
rived before the pandemic, evidenced by the contin-
ued increase in the percentage of non–US-born per-
sons with first-year diagnoses (1,7,15). Public health 
entities could consider expanding prearrival screen-
ing to additional groups beyond those currently 
screened overseas.

COVID-19 mitigation strategies, the diversion of 
funds and staff from TB programs, and the priority of 
identifying COVID-19 in 2020 likely caused delayed 
diagnoses for many TB cases. Therefore, TB cases that 
occurred in 2020 might not have been identified until 
2021 or later, which would have increased the case 
counts during 2021–2023. Furthermore, delayed di-
agnoses could have contributed to longer infectious 
periods, thereby increasing the probability of trans-
mitting TB in the community (24).

Although the COVID-19 pandemic seems to 
have reversed the trend toward TB elimination ob-
served before 2021, our data showed that the cu-
mulative number of observed cases from 2021–2023 
was still lower than predicted for that period among 
both US-born and non–US-born persons. That find-
ing could indicate that the effect of the pandemic on 
TB in the United States was less pronounced than 
the year-to-year rise in cases would imply. How-
ever, continued attention toward TB elimination is 
warranted, especially because CDC provisionally 
reported a fourth consecutive year of increasing TB 
case counts in 2024 (25).

Surveillance data alone did not enable us to dis-
tinguish between increased transmission and de-
layed diagnoses. We could not calculate the exact 
duration between arrival in the United States and 
the time of diagnosis because the Report of Veri-
fied Case of Tuberculosis does not collect diagno-
sis date (4). Instead, we used the notification date 
to the health department as a proxy. Our analysis 
of persons with first-year diagnoses was limited 
to 2010–2022 because the data for persons who 
arrived in 2023 were not published at the time of 
our analysis. Also, we were unable to analyze the 
demographic characteristics of persons screened 
overseas because of incomplete EDN data in 2021 
and 2022. No official agency counts the number of 
all persons who arrive in the United States annu-
ally, so we approximated the denominator to cal-
culate incidence rate for persons with first-year di-
agnoses using ACS data, which provides estimates 
instead of counts.

Our analysis suggests that changes in migra-
tion and COVID-19–related factors contributed to 

both the sharp drop in TB cases in 2020 and the 
subsequent increase in cases from 2021–2023. In 
particular, the diversion of resources away from 
TB prevention and control toward COVID-19 miti-
gation efforts led to delayed TB diagnoses early in 
the pandemic, which contributed to the increase in 
cases after 2020. As time passes, the immediate ef-
fects associated with the COVID-19 pandemic will 
diminish. Changes in migration, however, will 
continue to influence TB in the United States. To 
resume progress toward TB elimination, renewed 
commitment in TB programs is essential to develop 
TB prevention and control strategies that can with-
stand challenges brought on by migration changes 
and future pandemics.
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The Philippines usually encounters leptospirosis 
outbreaks weeks after monsoon floods. In 2025, 

the Department of Health (DOH) recorded 3,037 cas-
es during January–July; 1,114 of those cases occurred 
1 week after the rainy season officially began on June 
2. During June 8–August 7, a total of 2,396 verified 
hospital reports were recorded nationwide. Metro 
Manila bore the brunt of the impact, and several ter-
tiary hospitals reported strain on capacity caused by 
the sudden increase in leptospirosis cases. The loom-
ing threat of further rainfall could lead to new infec-
tions, highlighting the urgent need for early consulta-
tion for fever, myalgia, jaundice, and other symptoms 
after exposure to floodwater (1–4).

The spikes in leptospirosis cases during typhoon 
seasons in the Philippines have already been observed 

in the past several years. For example, Tropical Storm 
Washi (locally known as Sendong) in December 2011 
triggered a poststorm outbreak of leptospirosis. That 
outbreak resulted in >400 infections and 22 deaths 
shortly after the floods subsided (5). In September 
2009, Typhoon Ondoy (Ketsana) caused widespread 
flooding across Metro Manila, leading to 2,089 lep-
tospirosis cases and 162 deaths; although that event 
predates 2012, it established a troubling precedent for 
disease risk tied to typhoons (6). 

Epidemiologic evidence shows that leptospirosis 
hospital admissions typically peak ≈2 weeks after pe-
riods of intense rain. However, once the variable of 
flooding is factored in, the direct rain–leptospirosis as-
sociation weakens, highlighting flooding itself as the 
critical driver of transmission (7). Flooding increases 
human contact with water and soil contaminated by 
the urine of infected rats, which serve as the main res-
ervoirs of Leptospira spp. bacteria, the causative agent 
of leptospirosis (4). Case–control studies confirm that 
contact with floodwater is a significant risk factor; 1 
meta-analysis indicated an odds ratio of 2.19 (95% CI 
1.48–3.24) for leptospirosis among persons exposed to 
flooding (8). In urban settings, particularly in densely 
populated slum areas with poor sanitation infrastruc-
ture, flood events drastically increase exposure risk 
for leptospirosis outbreaks (9). The consistent pat-
tern across multiple years underscores how every ty-
phoon season, from 2012 on, is a dangerous period 
for potential leptospirosis outbreaks, particularly in 
flood-prone urban areas where exposure to Leptospi-
ra-contaminated water is frequent.

The goal of this policy review is to reframe lep-
tospirosis prevention in the Philippines. By using a 
systems thinking approach, we examined current 
national and local interventions to identify strategic 
leverage points for improvement. Our findings high-
light the importance of integrating community-led 
actions into existing national programs to strengthen 
feasibility and impact. We advocate for a participato-
ry governance approach that links grassroots engage-
ment with national and local policy, infrastructure, 
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POLICY REVIEW

Leptospirosis, the disease caused by infection with Lep-
tospira spp. bacteria, remains a recurring public health 
challenge in the Philippines, particularly during mon-
soon floods and typhoon seasons. Despite responsive 
measures, such as Code White Alerts, standardized 
treatment protocols, and postflood prophylaxis, cases 
and associated deaths persist, emphasizing the limi-
tations of reactive strategies. Structural challenges in 
flood control, urban sanitation, and rodent management 
hinder long-term prevention. This policy review applies 
a systems thinking approach to integrate national pro-
grams with community-led interventions, recognizing 
the interlinked roles of environmental management, be-
havioral change, and grassroots surveillance. Low-cost, 
context-sensitive actions, such as community drainage 
clearing, shared protective gear, local rodent-proofing, 
and barangay-level reporting, can address immediate 
risks while reinforcing structural initiatives. Embedding 
those actions within a feedback loop between local ac-
tions and national policies fosters resilience, reduces 
disease incidence, and shifts the paradigm from reac-
tive response to sustainable prevention.

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 3, March 2026	 397



POLICY REVIEW

and research toward a more adaptive and resilient 
framework for leptospirosis control.

When Interventions Fall Short—Flood Control 
Controversies, Misguided Education Campaigns,  
and the Struggle against Leptospirosis
Various interventions against leptospirosis exist in 
the Philippines. They are mapped in this policy re-
view according to feasibility and potential impact, 
highlighting where existing strategies stand and 
where improvements are most needed. We summa-
rize the impact–feasibility matrix of leptospirosis in-
terventions in the Philippines (Figure 1).

High Impact, High Feasibility Interventions
Health policy coordination, especially during a dis-
ease outbreak, is a crucial measure to ensure that lep-
tospirosis cases are addressed promptly. The govern-
ment implements Code White Alerts during peak risk 
periods. This alert system is used by DOH to enhance 
the readiness of hospitals and health facilities while 
they remain on standby for potential case surges. The 
announcement of a Code White Alert is communi-
cated through press releases and regional and local 
rollouts. DOH, through its Regional Epidemiology 
and Surveillance Units, actively tracks and reports 
cases, whereas local government units collaborate 
with DOH on real-time data reporting and flood-sea-
son mapping to guide targeted interventions. Those 
programs are crucial in reducing disease severity, 
preventing fatalities, and ensuring timely clinical care 
for diagnosed patients, helping them avoid further 

complications (10,11). The interventions have high 
feasibility and high impact in the Philippines.

High Feasibility, Low Impact Interventions
In the Philippines, the onset of typhoons and mon-
soon floods often triggers a surge in information, 
education, and communication (IEC) materials on 
leptospirosis from government agencies, local gov-
ernment units, universities, and nongovernment or-
ganizations; one such IEC material, posted on social 
media, informed the public about the transmission 
cycle of Leptospira and preventive and control mea-
sures (Appendix, https://wwwnc.cdc.gov/EID/
article/32/3/25-1250-App1.pdf). That IEC material 
and other IEC materials, typically focus on ideal pre-
ventive actions such as avoiding wading in floodwa-
ter, wearing protective boots and gloves, washing 
with soap after exposure, and seeking early medical 
care if symptomatic. Although such advisories are 
medically sound, they often fail to account for the 
lived realities of urban flood-prone communities. 
In low-income settlements, many residents have no 
choice but to wade through floodwaters to evacuate, 
retrieve belongings, commute to work, or access basic 
needs. High flood levels make the use of boots im-
practical. Similarly, hygiene recommendations such 
as thorough washing with soap and clean water are 
challenging when water supplies are disrupted and 
soap is a low priority in emergencies. Messages about 
rodent control and drainage maintenance may also 
be irrelevant in the immediate aftermath of a disas-
ter, when survival and shelter take precedence over 
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Figure 1. Impact–feasibility matrix of leptospirosis interventions, the Philippines. IEC, information, education, and communication.



Rethinking Leptospirosis Prevention, Philippines

environmental interventions. The mismatch between 
the prescriptive tone of IEC materials and vulnerable 
communities’ structural constraints may reduce the 
credibility and impact of public health messaging. To 
be effective, leptospirosis prevention campaigns must 
move beyond one-size-fits-all advice and integrate 
context-sensitive strategies, such as guidance for un-
avoidable exposure, accessible postexposure prophy-
laxis, and community-based flood safety measures, 
that reflect the realities on the ground.

For case management and clinical response, stan-
dardized Clinical Practice Guidelines developed by 
DOH with professional medical societies ensure uni-
form diagnosis and treatment protocols across health 
facilities (12). Benefit packages for leptospirosis, im-
plemented by the Philippine Health Insurance Cor-
poration (PhilHealth), help ease the financial burden 
on affected patients and support the cost of care by 
covering expenses related to hospital confinement, 
laboratory tests, and medications (13). The govern-
ment also deploys medical missions and provides 
postflood doxycycline prophylaxis to high-risk per-
sons in flood-affected areas. However, when those 
measures are activated, persons have already been 
exposed and infected, meaning the burden on the 
healthcare system and communities remains high.

Educational campaigns with structural con-
straints do not substantially help in reducing lepto-
spirosis prevalence. On the other hand, case manage-
ment and clinical response minimize fatalities and 
severe cases, but do not necessarily ease the burden 
on the healthcare system. Thus, both are feasible in 
the Philippines, but both have a low impact.

Low Feasibility, High Impact Interventions
Flooding, as a major risk factor of leptospirosis out-
breaks, requires mitigation, including national flood-
control projects. Flood control in the Philippines, 
particularly in urban communities like Metro Ma-
nila, faces chronic challenges from rapid, unplanned 
urbanization, inadequate infrastructure, and gover-
nance issues. Informal settlements along rivers and 
drainage systems obstruct waterways, whereas ag-
ing pumping stations and silted floodways like the 
Manggahan Floodway in Pasig City struggle to cope 
with intense rainfall and typhoon-induced surges.

Major projects intended to address these prob-
lems often have been marred by controversy. In a city 
in the Visayas region, for example, nearly 4 billion 
Philippine pesos’ worth of flood-control projects were 
reported in 2025 as incomplete, poorly built, or entire-
ly missing. National audits have long indicated that 
many flood-control budgets are lost to graft, leading 

to stalled or substandard infrastructure (14,15). The 
head of government raised allegations of corruption 
and mismanagement from the executive and legisla-
tive branches, prompting nationwide investigations 
into several of those projects (16).

In a different aspect, Laguna Lakeshore  
Expressway–Dike, another flood-control project, has 
faced opposition from some environmentalists and 
fisherfolk because of concerns about displacement, 
ecologic damage, and inequitable benefits (17). Simi-
larly, the proposed Pasig River Expressway drew crit-
icism for threatening heritage areas, worsening urban 
heat, and potentially increasing flood risk by reduc-
ing river buffer zones (18). Even long-standing flood-
control structures like the Manggahan Floodway 
have had unintended consequences, such as aggra-
vating flooding in downstream communities around 
Laguna de Bay because of siltation and pollution (19). 
Such controversies hamper engineering capacity, 
transparent governance, inclusive urban planning, 
and sustained maintenance, making the affected ar-
eas vulnerable to recurring, often catastrophic floods.

Although the flood-control projects in the Philip-
pines are not yet adequately managed, other inter-
ventions also must be considered. Rat-catching cam-
paigns in the Philippines have long been promoted to 
reduce leptospirosis and other rodentborne zoonotic 
diseases, particularly in flood-prone urban and agri-
cultural areas where human–rat contact is frequent 
(20,21). However, their long-term effectiveness is 
challenged by the biology of rats, which have excep-
tionally high reproductive potential. Many common 
rat species, such as Rattus norvegicus and Rattus rat-
tus, reach sexual maturity in as little as 3 months, and 
female rats can conceive again within weeks after 
giving birth. Because each litter may produce 6–12 
offspring and multiple litters can occur annually, rat 
populations can rebound quickly even after intensive 
control efforts (22,23). This rapid turnover means that 
without sustained, integrated control, combining en-
vironmental sanitation, secure food storage, habitat 
destruction, and public health education, rat-catching 
alone offers only temporary relief. The importance 
of sustained, integrated control cannot be overstat-
ed, given that it is the key to long-term prevention 
and control of leptospirosis transmission, particu-
larly after flooding events when contaminated water  
is widespread.

Environmental hygiene, an approach that can be 
integrated with rat-catching, also faces substantial 
challenges in urban communities, especially in low-
income areas of the Philippines. Many urban low-
income families live in informal settlements where  
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water access is limited to shared or purchased sources, 
often of questionable quality (24). Housing frequently 
does not meet the family’s needs, being makeshift, 
overcrowded, and vulnerable to flooding, creat-
ing ideal habitats for rats and other disease vectors 
(25). Waste-management systems are inconsistent or 
absent, accumulating garbage in streets and water-
ways, attracting rodents, and exacerbating flooding. 
Toilet facilities, if present, often are shared by mul-
tiple households and may lack proper sewage con-
nections, resulting in environmental contamination 
that increases the risk for leptospirosis and other zoo-
notic diseases (26). Those constraints mean that, even 
when communities engage in rat-catching activities, 
unhygienic environmental conditions continually un-
dermine disease-control efforts, making sustainable 
prevention difficult without broader improvements 
in urban infrastructure and social services.

Flood control, rodent control, and environmental 
hygiene and sanitation are key interventions for miti-
gating leptospirosis cases and preventing outbreaks. 
Their collective impact is considerable because they 
directly disrupt the transmission cycle of Leptospira 
bacteria. However, because of poverty, corruption, 
and a lack of political will, the feasibility of these es-
sential interventions remains low in the country.

Low Feasibility, Low Impact Interventions
Some interventions are challenging to implement and 
yield minimal benefits when executed. For example, 
developing targeted educational materials for lep-
tospirosis prevention can be challenging because of 
the diverse and complex social structures across Phil-
ippine communities. Cultural variations, language 
barriers, and differing levels of health literacy make 
designing messages that resonate effectively with all 
audiences difficult. In addition, when targeted educa-
tional materials are used in isolation, they cannot pro-
duce a high impact on reducing leptospirosis trans-
mission. This limitation also applies to rodent control, 
which will remain ineffective without the integration 
of improved environmental hygiene and sanitation.

The limited effectiveness of isolated, reactive inter-
ventions highlights the importance of prioritizing pre-
ventive, integrated strategies over responses. Preven-
tive measures, such as effective flood control, rodent 
population management, improved urban sanitation, 
access to protective equipment, and health education 
before flood events, address the root causes of lepto-
spirosis transmission. Unlike responsive measures, 
which are reactive and resource-intensive, preventive 
strategies can reduce exposure risk, lower the inci-
dence of infection, and minimize the need for costly 

hospitalization and emergency care. In the long term, 
prioritizing prevention saves lives, alleviates pressure 
on the healthcare system, conserves public funds, and 
fosters healthier, more resilient communities.

Rethinking Leptospirosis Prevention  
through Systems Thinking
National and regional interventions against leptospi-
rosis in the Philippines are often costly, long-term, and 
dependent on government agencies and multisectoral 
collaboration. Through use of the impact-feasibility 
matrix discussed in this policy review, various inter-
ventions should be strategically deployed to achieve 
better outcomes. We used a systems thinking approach, 
mapping various interventions against leptospirosis to 
guide and support decision-making for curbing lepto-
spirosis cases in the Philippines (Figure 2).

The systems thinking map (Figure 2) provides a ho-
listic view of how different interventions are intercon-
nected to improve leptospirosis prevention outcomes. 
At the core of the system are leverage points. They rep-
resent critical areas of interventions that have both high 
impact and high feasibility in the Philippine context. 
Those areas include policy coordination, surveillance, 
early detection, and research, all of which strengthen the 
foundation of leptospirosis management in the country. 
Surrounding those areas are interventions with moder-
ate impact, such as clinical response, case management, 
public awareness, and community education, which act 
as an operational amplifier. That operational amplifier 
enhances the system’s ability to reduce disease trans-
mission and severity through informed communities 
and effective healthcare delivery. Meanwhile, flood-
control projects, hygiene and sanitation, and rodent 
control have high impact but are less feasible measures 
that demand long-term investment and intersectoral 
collaboration to sustainably reduce environmental risks. 
Those interventions must be integrated as part of the 
leverage points for better outcomes. Furthermore, frag-
mented IEC and underfunded rodent control, which 
both exist in the Philippines, are considered weak and 
low-impact components. They require merging and ca-
pacity strengthening to become more effective. The map 
(Figure 2) also illustrates that a successful leptospirosis-
prevention strategy depends on reinforcing these inter-
connected elements.

Community-Led Approach in Mitigating  
Leptospirosis Cases in Small Communities
Addressing leptospirosis in the Philippines remains 
a big challenge because of its massive cost in control-
ling its main drivers: flooding, poor environmental 
hygiene, and poor sanitation. As a quick-fix solution,  
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with potential to become a sustainable response, 
community-led interventions can be implemented. 
Integrating community-led interventions against 
leptospirosis offers a practical, low-cost, and context-
sensitive approach, and it complements national and 
regional strategies (Figure 3). Such initiatives empow-
er residents to act as the first line of defense, tackling 
risk factors directly in their environments. Environ-
mental and floodwater management measures, such 
as monthly drainage-clearing days, DIY flood barriers 
using sandbags or bamboo, and household-level wa-
ter diversion, reduce floodwater stagnation and limit 
contact with contaminated water. Rodent population 
control activities, including community rat-trapping 
drives, rodentproof food storage from recycled mate-
rials, and supervised garbage disposal systems, target 
one of the primary reservoirs of Leptospira bacteria.

Behavior changes and risk reduction strategies 
such as boot banks in areas with minimal flooding 
for shared protective gear, flood buddy systems for  

mutual safety checks, and local IEC patrols ensure that 
information and preventive measures reach residents 
during critical periods. Local surveillance and early de-
tection enhance responsiveness through barangay (the 
smallest administrative division in the Philippines) 
case watch boards, regular health check days, and 
rapid reporting networks using SMS or social media 
to alert local health workers of suspected cases. Local 
production and distribution of protective and clean-
ing materials strengthen preparedness; soap-making 
workshops, DIY disinfectant production, and low-cost 
water filtration kits provide communities with essen-
tial tools even when external supplies are delayed.

Interventions embedded within a systems think-
ing framework become part of a feedback loop that 
connects grassroots actions to national policy. Com-
munity-driven measures address immediate, local-
ized risks, whereas national-scale programs provide 
structural support such as infrastructure upgrades, 
health system readiness, and formal surveillance. 
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That integration ensures that prevention is not solely 
dependent on costly, long-term government projects 
but is reinforced by sustained, everyday action at the 
community level, making leptospirosis control more 
adaptive, resilient, and sustainable over time.

Conclusions
Leptospirosis prevention in the Philippines needs a 
shift from reactive responses to proactive, commu-
nity-driven interventions. Integrating local, low-cost 
interventions within a systems thinking framework 
complements national programs and fosters sustain-
ability. Some of those local interventions include 
community drainage clearing operations, rodent 
control, and grassroots surveillance. Linking commu-
nity action with national and local policy coordina-
tion, research productions, and infrastructure invest-
ment creates reinforcing feedback loops that enhance  
resilience and reduce disease prevalence. Through 
this integrated approach, leptospirosis interventions 

become more adaptive, participatory, and effective in 
protecting vulnerable communities.
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Mpox, a zoonotic disease caused by the mon-
keypox virus (MPXV), a member of the genus 

Orthopoxvirus, was first reported in South Korea in 
2022 and initially involved imported cases and a 
hospital-acquired infection (1,2). A local outbreak 
began in April 2022 and peaked in late April to 
early May 2023, largely affecting young adult men 
(mostly men who have sex with men); most trans-
mission events were linked to sexual contact (2,3,4). 
Genomic analysis revealed that circulating strains 
in 2023 belonged to MPXV clade IIb, with the B.1.3 
lineage predominating (4).

As the outbreak evolved, understanding the 
MPXV transmission dynamics and diagnostic accu-
racy became increasingly crucial. Although mpox 
is primarily transmitted by symptomatic persons, 
presymptomatic transmission occurring 1–4 days 
before symptom onset has been reported (5). Ac-
curate diagnosis relies on appropriate specimen 
selection and timing of sample collection. How-
ever, relatively few studies have systematically 
compared viral loads across specimen types, and 
we did not find published studies that comprehen-

sively evaluated differences between anogenital 
and nonanogenital skin lesions. To address those 
gaps, we assessed MPXV viral loads and positiv-
ity rates in South Korea by specimen type and time 
since symptom onset by using real-time quantita-
tive PCR (qPCR).

The Study
We conducted a retrospective observational study to 
analyze demographic characteristics, symptom onset, 
specimen types, qPCR results, and cycle threshold 
(Ct) values of suspected MPXV cases in South Korea 
referred to the Korea Disease Control and Prevention 
Agency (KDCA). Clinical specimens were collected 
by trained healthcare personnel and included skin le-
sions, upper respiratory tract swab specimens, blood, 
and rectal swab specimens. We categorized skin le-
sions by type (crusted, vesicular, papular, pustular, 
or unknown) and site (anogenital, nonanogenital, or 
unknown), including the anus, perineum, penis, and 
vulva. We grouped samples by days since symptom 
onset (0–1, 2–3, 4–10, and >10 days). We considered 
Ct values >40 or undetectable negative and Ct values 
<40 positive.

We extracted viral DNA from 200 µL of clini-
cal specimens by using the QIAamp Blood Mini Kit 
(QIAGEN, https://www.qiagen.com) following the 
manufacturer’s protocol. qPCR targeted F3L and A39R 
genes by using the following primers and probes: F3L 
forward 5′-CATCTATTATAGCATCAGCATCAGA-3′, 
reverse 5′-GATACTCCTCCTCGTTGGTCTAC-3′, probe 
5′-FAM-TGTAGGCCGTGTATCAGCATCCATT-IBFQ-3′; 
A39R forward 5′-TGGGATAACGAATCCAATGTCA-3′, 
reverse 5′-GCGTGCTTCCAGCAACACT-3′, probe 5′-FAM-
AGCGCCTAGCACAGAACACATTTACGA-IBFQ-3′.

For group comparisons, we used χ2 or Fisher ex-
act test for categorical variables and the Kruskal-Wal-
lis test or analysis of variance for Ct value compari-
sons. We conducted analyses by using SPSS Statistics 

Optimal Specimens and Lesions  
for Mpox Diagnosis Using  

Real-Time PCR, South Korea
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DISPATCHES

We analyzed 612 specimens from 135 patients with 
monkeypox virus clade IIb in South Korea by using real-
time PCR. Crusted and anogenital skin lesions and rec-
tal swab specimens demonstrated the highest positivity 
rates. Viral loads varied by lesion type, anatomic site, 
and time since symptom onset, supporting our specimen 
selection for clade IIb detection.
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29.0.10 (IBM, https://www.ibm.com) and GraphPad 
Prism version 8 (https://www.graphpad.com). This 
study was approved by the KDCA Institutional Re-
view Board (approval no. 2020-03-01-P-A), which 
waived written informed consent.

During August 28, 2022–October 3, 2023, the 
KDCA received 1,668 specimens from 379 patients 
with suspected mpox. After we excluded 244 pa-
tients (1,056 specimens) because of missing clini-
cal data (999 samples from 231 patients) and un-
clear onset times (57 samples from 13 patients), we 
analyzed 612 specimens from 135 patients. Most 
(97.7%) patients were men. Median patient age was 
31.7 (interquartile range [IQR] 27.7–37.1) years, and 
median collection time was 6 (IQR 2.0–8.0) days 
after onset. Specimens were 362 skin lesions, 109 
upper respiratory tract swab specimens, 135 blood 
samples, and 6 rectal swab specimens; 445 samples 
were PCR-positive.

MPXV DNA was more frequently detected from 
skin lesions (92.8%, n = 336/362) and rectal swab 
specimens (100%, n = 6/6) than from upper respi-
ratory tract (68.8%, n = 75/109) and blood samples 
(28.2%, n = 38/135) (Table 1; Appendix Figure 1, 
http://wwwnc.cdc.gov/EID/article/32/3/25-
0582-App1.pdf). Median Ct values were signifi-
cantly lower for skin lesions (median 22.01, IQR 
19.25–28.19) and rectal swab specimens (median 
20.19, IQR 18.85–24.23) than in the upper respira-
tory tract (median 33.61, IQR 29.09–40.00) and blood 
samples (median 40.00, IQR 38.61–40.00; p<0.001); 
we found no significant difference between skin le-
sions and rectal swab specimens (p = 0.36) (Table 1; 
Figure 1). Among skin lesions, crusted types demon-
strated the highest positivity rate (93.3%, n = 70/75) 
and the lowest median Ct value (median 20.63, IQR 
18.30–24.48), significantly lower than for other le-
sion types (median 23.33, IQR 19.74–30.00; p<0.001). 

 
Table 1. Mpox specimen types and Ct values of 135 confirmed patient samples acquired from the Korea Disease Control and 
Prevention Agency when a suspected mpox patient visited the hospital, South Korea, 2022–2023* 

Specimen type 

Samples 

2 

Ct values Median (IQR) 
days after 

symptom onset  Total 
No. (%) 
positive Mean (SD) 

Median 
(95% CI) 

25th 
percentile 

75th 
percentile p value 

All skin lesions 362 336 (92.82)  24.41 (6.90) 22.01 
(21.55–22.87) 

19.25 28.19  6 
(2.00–8.00) 

Type          
 Crust 75 70 (93.33) 0.2965 22.51 (6.52) 20.63 

(19.59–21.76) 
18.30 24.48 <0.0001 7.00 

(2.00–13.00) 
 Other 260 239 (91.92)  25.32 (7.02) 23.33 

(22.11–24.6) 
19.74 30.00  5.00 

(2.00–7.00) 
 Unknown 27 27 (100)  20.9 (4.20) 19.85 

(19.17–21.74) 
18.87 21.85  7.00 

(5.00–10.00) 
Site          
 Anogenital 74 72 (97.30) 0.1142 22.58 (6.15) 20.78 

(19.71–22.06) 
17.91 25.65 0.0178 6.00 

(3.00–7.25) 
 Other 116 109 (93.97)  25.14 (6.91) 22.82 

(21.51–24.91) 
19.91 29.94  5.00 

(2.25–7.75) 
 Unknown 172 155 (90.12)  24.7 (7.10) 22.51 

(21.16–24.25) 
19.47 28.71  6.00 

(1.00–8.00) 
Nationality          
 South Korea 338 314 (92.90) 0.8154 24.24 (6.84) 21.87 

(21.66–22.77) 
19.24 27.7 0.2068  

 Other Asian 21 19 (90.50)  26.57 (7.47) 25.00 
(20.85–30.25) 

20.75 30.46   

 Western  
 countries 

3 3 (100)  28.32 (8.42) 30.39 
(19.06–35.52) 

19.06 35.52   

Sample location          
 Upper respiratory 
 tract 

109 75 (68.81) 0.5564 33.29 (6.05) 33.61 
(32.52–35.24) 

29.09 40 0.3505 5.00 
(2.00–8.00) 

  Nasopharynx 4 2 (50)  36.53 (4.13) 37.14 
(31.84–40.00) 

32.45 40  5.00 
(0.75–7.75) 

  Oropharynx 28 18 (64.29)  34.35 (5.11) 34.37 
(31.22–40.00) 

29.78 40  3.00 
(0.00–8.00) 

  Unknown 77 55 (71.43)  32.74 (6.39) 33.16 
(31.44–35.24) 

27.56 40  6.00 
(3.00–8.00) 

 Blood 135 
 

38 (28.19) NA 38.75 (2.56) 40.00 
(40.00–40.00) 

38.61 40.00 NA 
 

5.00 
(3.00–7.00) 

 Rectal swab 6 6 (100) NA 21.68 
(4.708) 

20.19 
(17.61–30.82) 

18.85 24.23 NA 5.00 
(1.50–12.25) 

*Ct, cycle threshold; IQR, interquartile range; NA, not available.  
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Anogenital lesions had lower Ct values (median 
20.78, IQR 17.91–25.65) than lesions at other sites 
(median 22.82, IQR 19.91–29.94; p = 0.018). Positiv-
ity rates (p = 0.556) and Ct values (p = 0.351) did not 
differ significantly between oropharyngeal and na-
sopharyngeal specimens; however, oropharyngeal 
samples tended toward higher positivity (64.3%) 
and lower Ct values (median 34.37, IQR 29.78–40.00) 
compared with nasopharyngeal samples (50.0%, n = 
2/4; median Ct 37.14, IQR 32.45–40.00), despite the 
limited sample size.

Positivity and Ct values varied over time after 
symptom onset (Table 2; Figure 2). The Ct values 
of the skin lesions changed significantly (p<0.001), 
whereas positivity remained high (≈90%) for up to 
60 days (p = 0.142). Upper respiratory tract speci-
mens showed no significant changes in positivity (p 
= 0.738) or Ct values (p = 0.369), with peak positivity 
(75%) on day 1, lasting until day 30. Blood samples 
had low positivity (28.2%) and no substatial variation 
over time, peaking in the first 3 days (32%), and were 
detectable for ≈20 days.

Mpox is primarily transmitted through direct con-
tact with body fluids, respiratory droplets, or contami-
nated surfaces (6). Increasing evidence indicates that 
sexual contact is the dominant transmission route dur-
ing outbreaks, particularly among men who have sex 
with men (7). This evidence is supported by frequent 
anogenital lesions and the detection of culturable vi-
ruses in saliva, the nasopharynx, and semen (7). The 
high positivity and low Ct values observed in anogeni-
tal lesions in our study further support these findings.

After inoculation, MPXV replicates in the skin, 
spreads to the lymph nodes, and causes viremia 
and systemic dissemination (8). Skin lesions prog-
ress through macules, papules, vesicles or pustules, 
and crusts (6). Crusted lesions have historically 
been regarded as less infectious, but accumulating 
evidence indicates that viral DNA and infectious 
virus might persist until crust detachment (9,10). 
Consistent with that persistence of infectious virus, 
we observed high MPXV DNA levels in crusted 
lesions, indicating its potential infectivity. MPXV 
also demonstrates strong tropism for keratinocytes. 
Skin specimens, particularly anogenital lesions and 
rectal swab specimens, exhibit higher viral loads 
than blood or respiratory specimens, underscoring 

Figure 1. Comparison of Ct values of real-time PCR by lesion 
and time point after symptom onset in patients with mpox, South 
Korea, 2022–2023. Horizontal lines within boxes represent 
medians, box tops and bottoms represent interquartile ranges, 
and error bars represent minimum and maximum values.  
Ct, cycle threshold.

 
Table 2. Comparison of the positivity rate and Ct value of real-time PCR at the time point of each specimen after symptom onset in 
patients with mpox, South Korea, 2022–2023* 

 
Specimen 
type  

Days since symptom onset 

2  p value  

0–1  

 

2–3  

 

4–10  

 

10  
No. (%) 
positive  

Median 
(IQR) Ct 

No. (%) 
positive 

Median 
(IQR) Ct  

No. (%) 
positive 

Median 
(IQR) Ct 

No. (%) 
positive 

Median 
(IQR) Ct 

Skin lesion, 
n = 362 

67/76 
(88.2) 

27.38 
(21.9–34.8) 

 47/48 
(97.9) 

21.41 
(19.5–25.0) 

 177/188 
(94.2) 

21.7 
(18.8–
27.4) 

 45/50 
(90.0) 

20.18 
(17.8–24.0) 

0.1421 <0.0001 

Upper 
respiratory 
tract, n = 
109 

18/24 
(75.0) 

33.47 
(28.2–39.2) 

 10/15 
(66.7) 

34.34 
(30.5–40.0) 

 37/57 
(64.9) 

33.9 
(29.2–
40.0) 

 10/13 
(76.9) 

30.98 
(25.0–37.2) 

0.7380 0.3689 

Blood, n = 
135 

8/25 
(32.0) 

40  
(36.9–40) 

 8/22 
(36.4) 

40  
(38.0–40) 

 18/74 
(24.3) 

40  
(39.84–40) 

 4/14 
(28.6)  

40  
(36.6–40) 

0.6930 0.7635 

Rectal 
swab, n = 6 

1/1 
(100) 

20.54 
(20.5–20.5) 

 2/2 
(100) 

18.7  
(17.6–19.8) 

 1/1 
(100) 

22.0 
(22.0–
22.0) 

 2/2 
(100) 

26.43 
(22.0–30.8) 

NA 0.1778 

*Denominators indicate no. specimens tested on those days. 2 value is of positivity rate; p value is of Ct. Ct, cycle threshold; IQR, interquartile range; NA, 
not available. 
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the central role of the skin in viral replication and 
direct contact transmission (11,12).

Ct values in skin lesions decreased significantly over 
time, consistent with reports from China demonstrati-
ing high viral DNA detection for up to 3 weeks (13). Up-
per respiratory tract samples peaked in positivity 1 day 
after symptom onset and then declined, similar to the 
oropharyngeal patterns reported in China (13). Blood 
samples demonstrated low positivity, which increased 
slightly in the first 3 days and then declined, consistent 
with reports of plasma and serum viral DNA peaking 
before day 10 (13). Our findings support evidence that 
skin and rectal swab specimens yield higher viral loads 
than blood or respiratory swab specimens (14,15).

The limitations of our study include incomplete 
clinical data and a small number of rectal swabs. 
For many patients, we relied on referral records that 
lacked detailed lesion or location data. Prospective 
studies are necessary to clarify the links between 
symptoms, severity, duration, and outcomes.

Conclusions
Our study of MPXV clade IIb infection during the 2022–
2023 outbreak in South Korea found that crusted and 
anogenital skin lesions and rectal swab specimens dem-
onstrated the highest PCR positivity rates, followed by 
upper respiratory tract and blood samples. Peak positiv-
ity occurred around day 1 in respiratory specimens and 

on day 3 in blood. The Ct values differed significantly 
by lesion type and anatomic location, highlighting the 
importance of targeted specimen collection and the ap-
propriate sampling timing in MPXV clade IIb infection.

This study was supported by research fund from Chosun  
University, 2024 (to D.-M.K.).

About the Author
Dr. Kim is a professor in the Department of Internal  
Medicine of Chosun University Hospital and Chosun  
University College of Medicine, Korea. His research 
interests include emerging infectious diseases, particularly 
vectorborne diseases.

References
  1.	 Shim M, Cho SH, Lee SE, Kim T. Epidemiological 

characteristics and risk factors of suspected and confirmed 
mpox cases during the 2022–2023 epidemic in the Capital 
Region, Korea. Epidemiol Health. 2024;46:e2024092.  
https://doi.org/10.4178/epih.e2024092

  2.	 Kim T, Park E, Eun JS, Lee EY, Mun JW, Choi Y, et al.  
Detecting mpox infection in the early epidemic: an  
epidemiologic investigation of the third and fourth cases  
in Korea. Epidemiol Health. 2023;45:e2023040.  
https://doi.org/10.4178/epih.e2023040

  3.	 Kwon SL, Song M, Lee W, Shin J, Lee SY, Yeo SG, et al. First 
nationwide mpox vaccination program in the Republic of 
Korea: implications for an enhanced public health response. 
J Korean Med Sci. 2024;39:e235. https://doi.org/10.3346/
jkms.2024.39.e235

Figure 2. Monkeypox viral 
loads given as Ct values in 
patients with mpox, according 
to sampled sites and time of 
onset, South Korea, 2022–2023. 
Blue dots indicate Ct results for 
each sample. Red dashed lines 
represent median values. Ct, 
cycle threshold.



DISPATCHES

408	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 3, March 2026

  4.	 Choi CH, Lee M, Lee SE, Kim JW, Shin H, Choi MM, et al. 
Genomic analysis of monkeypox virus during the 2023  
epidemic in Korea. J Korean Med Sci. 2024;39:e165.  
https://doi.org/10.3346/jkms.2024.39.e165

  5.	 Rossotti R, Calzavara D, Cernuschi M, D’Amico F,  
De Bona A, Repossi R, et al. Detection of asymptomatic  
mpox carriers among high-risk men who have sex with  
men: a prospective analysis. Pathogens. 2023;12:798.  
https://doi.org/10.3390/pathogens12060798

  6.	 Jezek Z, Grab B, Szczeniowski MV, Paluku KM,  
Mutombo M. Human monkeypox: secondary attack rates. 
Bull World Health Organ. 1988;66:465–70.

  7.	 Pan D, Nazareth J, Sze S, Martin CA, Decker J, Fletcher E, 
et al. Transmission of monkeypox/mpox virus: a narrative 
review of environmental, viral, host, and population  
factors in relation to the 2022 international outbreak.  
J Med Virol. 2023;95:e28534. https://doi.org/10.1002/
jmv.28534

  8.	 Niu L, Liang D, Ling Q, Zhang J, Li Z, Zhang D, et al.  
Insights into monkeypox pathophysiology, global  
prevalence, clinical manifestation and treatments. Front  
Immunol. 2023;14:1132250. https://doi.org/10.3389/ 
fimmu.2023.1132250

  9.	 Ng OT, Lee V, Marimuthu K, Vasoo S, Chan G, Lin RTP, 
et al. A case of imported monkeypox in Singapore. Lancet 
Infect Dis. 2019;19:1166. https://doi.org/10.1016/ 
S1473-3099(19)30537-7

10.	 Ouafi M, Regueme A, Alcaraz I, Riviere P, Bazus H,  
Salmon-Rousseau A, et al. Oropharyngeal samples  
versus lesion specimens at diagnosis in patients infected 

with monkeypox virus in Northern France. J Med Virol. 
2023;95:e28276. https://doi.org/10.1002/jmv.28276

11.	 Li P, Pachis ST, Xu G, Schraauwen R, Incitti R,  
de Vries AC, et al. Mpox virus infection and drug  
treatment modelled in human skin organoids. Nat  
Microbiol. 2023;8:2067–79. https://doi.org/10.1038/ 
s41564-023-01489-6

12.	 Yang S, Xia C, Zhang Y, Shen Y, Xia C, Lu Y, et al. Clinical 
features and viral load variations of mpox: a retrospective 
study in Chongqing, China. BMC Infect Dis. 2024;24:641. 
https://doi.org/10.1186/s12879-024-09537-0

13.	 Guo L, Song R, Zhang Q, Li D, Chen L, Fang M, et al.  
Profiling of viral load, antibody and inflammatory  
response of people with monkeypox during  
hospitalization: a prospective longitudinal cohort study in 
China. EBioMedicine. 2024;106:105254. https://doi.org/ 
10.1016/j.ebiom.2024.105254

14.	 Hasso M, Perusini S, Eshaghi A, Tang E, Olsha R, Zhang H, 
et al. Monkeypox virus detection in different clinical  
specimen types. Emerg Infect Dis. 2022;28:2513–5.  
https://doi.org/10.3201/eid2812.221160

15.	 Cordeiro R, Pelerito A, de Carvalho IL, Lopo S, Neves R, 
Rocha R, et al. An overview of monkeypox virus detection  
in different clinical samples and analysis of temporal  
viral load dynamics. J Med Virol. 2024;96:e70104.  
https://doi.org/10.1002/jmv.70104

Address for correspondence: Yoon-Seok Chung, Korea Disease 
Control and Prevention Agency, Cheongju 28159, South Korea; 
email: rollstone93@korea.kr

Originally published
in January 2021

https://wwwnc.cdc.gov/eid/article/27/1/et-2701_article

etymologia revisited
Petri Dish  
[pe′tre ′dish]

The Petri dish is named after the German inventor and bac-
teriologist Julius Richard Petri (1852–1921). In 1887, as an 

assistant to fellow German physician and pioneering microbi-
ologist Robert Koch (1843–1910), Petri published a paper titled 
“A minor modification of the plating technique of Koch.” This 
seemingly modest improvement (a slightly larger glass lid), 
Petri explained, reduced contamination from airborne germs 
in comparison with Koch’s bell jar.
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Tuberculosis (TB) remains the leading cause of ill-
ness and death among persons living with HIV 

(PLHIV) (1,2). In 2024, among ≈40.8 million PL-
HIV globally (3), there were ≈620,000 TB cases and 
≈150,000 TB-related deaths (4). For PLHIV, HIV anti-
retroviral therapy (ART) and TB preventive therapy 
(TPT) reduce TB incidence and contribute to reduced 
TB deaths (5). TPT should be administered to all PL-
HIV >12 months of age who have no symptoms of 
active TB (2).

In 2024, there were ≈2.5 million PLHIV in Mo-
zambique; of those, 86% were on ART (6). Among 
all PLHIV were ≈29,000 incident TB cases and ≈5,600 
TB-related deaths (4). Since 2007, Mozambique has 
greatly expanded TPT among PLHIV, reaching TPT 
coverage of 89% by March 2024 (D. Respeito et al., 

unpub. data, https://doi.org/10.1101/2024.11.25.2
431776). During 2007–2023, TPT consisted primar-
ily of a 6-month course of isoniazid (INH); in May 
2023, a 3-month course of 12 (1/wk) doses of iso-
niazid and rifapentine (3HP) was introduced in the 
southern region.

In this study, we aimed to determine the effect 
of TPT among PLHIV in Mozambique newly initiat-
ing ART by TPT completion status using a national 
data warehouse. We obtained ethics approval from 
the Mozambique National Bioethics Committee for 
Health. This activity was deemed research not in-
volving human subjects by the US Centers for Disease 
Control and Prevention.

The Study
We retrospectively studied all PLHIV who initi-
ated ART during 2021–2022, using data from Mo-
zambique’s national ART data warehouse, Mo-
zART (Appendix, https://wwwnc.cdc.gov/EID/
article/32/3/25-1349-App1.pdf); as of December 
2024, the warehouse contained deidentified clinical-
encounter data from 620 facilities and 1.6 million PL-
HIV on ART. We excluded PLHIV with previous TB 
treatment or TB diagnosis within 90 days of ART ini-
tiation; we also excluded those without a document-
ed HIV viral load test within 2 years or ART pickup 
within 3 months of ART initiation, as a proxy for non-
engagement in care.

The outcome of interest was any TB diagnosis 
within 2 years of ART initiation, as documented in 
medical records or by enrollment in the TB service 
ward. The primary independent variable was TPT 
completion, categorized as did not start TPT, incom-
plete TPT (<170 days for INH; <80 days for 3HP), 
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We investigated tuberculosis (TB) diagnoses among 
persons living with HIV recently initiated on antiretroviral 
therapy in Mozambique during 2021–2024 (N = 341,844). 
TB diagnosis rates were lower among those who com-
pleted TB preventive therapy (3.1/1,000 person-years) 
compared with those who had an incomplete course 
(11.0/1,000 person-years) or did not start (21.6/1,000 
person-years).
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and completed TPT (>170 days for INH; >80 days for 
3HP). Control variables were age at ART initiation 
(<15, 15–49, >50 years); sex; facility setting (urban/
rural) and region; most recent CD4 count (<200 cells/
mm3, >200 cells/mm3) and World Health Organiza-
tion (WHO) clinical stage (I–IV) at ART initiation; and 
most recent HIV viral load result (suppressed, <1,000 
copies/mL; unsuppressed, >1,000 copies/mL) before 
or after TB diagnosis or <24 months on ART and time 
of TPT initiation (at ART start or delayed).

We used Poisson regression with generalized es-
timating equations to calculate incidence rate ratios 
(IRRs) and to account for potential correlation be-
tween observations within health facilities. We used 

IRRs to compare completion categories. We calculat-
ed incidence of diagnosed TB as the number of PL-
HIV with TB diagnosis per total person-years divided 
by 1,000.

During 2021–2022, a total of 505,098 PLHIV 
were newly initiated on ART; of those, 28,498 (5.6%) 
were <15 years of age. We included a total of 341,844 
(67.7%) in the analysis; 215,357 (63%) were female 
and 126,487 (37%) male, median age was 30.0 (inter-
quartile range [IQR]  24–39) years, and 82,418 (24%) 
received ART in the Southern Region (Table 1). Of the 
163,254 PLHIV excluded from the analysis, 120,555 
(23.9%) did not have a registered viral load, 28,620 
(5.7%) did not have an ART pickup within 30 days of 

 
Table 1. Characteristics of persons newly diagnosed with HIV in study of TB in persons living with HIV initiating ART, Mozambique, 
2021–2024* 
Characteristic No TB diagnosis, n = 338,717 TB diagnosis, n = 3,127 Total, N = 341,844 
Age, y, median (IQR) 30 (24–39) 35 (26–43) 30 (24–39) 
Age group, y 

   

 <15 17,939 (5.3) 298 (9.5) 18,237 (5.3) 
 15–49 293,225 (87) 2,352 (75) 295,577 (86) 
 >50 27,553 (8.1) 477 (15) 28,030 (8.2) 
Sex 

   

 F 213,804 (63) 1,553 (50) 215,357 (63) 
 M 124,913 (37) 1,574 (50) 126,487 (37) 
Geographic region†  

  

 Central 153,268 (45) 1,295 (41) 154,563 (45) 
 Northern 104,067 (31) 796 (25) 104,863 (31) 
 Southern 81,382 (24) 1,036 (33) 82,418 (24) 
Last viral load result‡  

  

 Suppressed 312,197 (92) 2,603 (83) 314,800 (92) 
 Unsuppressed 26,520 (7.8) 524 (17) 27,044 (7.9) 
CD4 result 

   

 <200 cells/mm3 8,842 (2.6) 326 (10) 9,168 (2.7) 
 ≥200 cells/mm3 38,868 (11) 550 (18) 39,418 (12) 
 Not tested 291,007 (86) 2,251 (72) 293,258 (86) 
TPT initiation and completion  

  

 Complete 265,427 (78) 1,550 (50) 266,977 (78) 
 Incomplete 67,248 (20) 1,346 (43) 68,594 (20) 
 Not started 6,042 (1.8) 231 (7.4) 6,273 (1.8) 
TPT type 

   

 3HP 17,659 (5.2) 224 (7.2) 17,883 (5.2) 
 Isoniazid 315,016 (93) 2,672 (85) 317,688 (93) 
 No TPT 6,042 (1.8) 231 (7.4) 6,273 (1.8) 
Started TPT within 30 d of ART initiation   

 

 Delayed TPT start 22,805 (6.7) 327 (10) 23,132 (6.8) 
 Not started 6,042 (1.8) 231 (7.4) 6,273 (1.8) 
 TPT at ART start 309,870 (91) 2,569 (82) 312,439 (91) 
WHO status at initiation  

  

 Not recorded 5,733 (1.7) 63 (2.0) 5,796 (1.7) 
 Stage I 275,880 (81) 2,117 (68) 277,997 (81) 
 Stage II 41,366 (12) 551 (18) 41,917 (12) 
 Stage III 13,408 (4.0) 345 (11) 13,753 (4.0) 
 Stage IV 2,330 (0.7) 51 (1.6) 2,381 (0.7) 
Health facility setting  

  

 Rural 208,149 (61) 1,749 (56) 209,898 (61) 
 Urban 130,568 (39) 1,378 (44) 131,946 (39) 
*Values are no. (%) except as indicated. ART, antiretroviral therapy; IQR, interquartile range; TPT, TB preventive therapy; WHO, World Health 
Organization; 3HP, 3-month course of 12 (1/wk) doses of isoniazid and rifapentine. 
†Mozambique’s 11 provinces are categorized into 3 regions: Central (Sofala, Manica, Tete, Zambezia), Northern (Nampula, Niassa, Cabo Delgado), and 
Southern (Maputo City, Maputo, Gaza, Inhambane). 
‡Suppressed, <1,000 copies/mL; unsuppressed, >1,000 copies/mL. 
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ART initiation, and 14,079 (2.8%) received their diag-
nosis before initiating ART.

Of 341,844 PLHIV analyzed, 266,977 (78%) com-
pleted TPT, 68,594 (20%) had incomplete TPT, and 
6,273 (1.8%) did not start TPT (Table 1). Incidence of 
diagnosed TB was 5.0/1,000 person-years. Compared 
with those who completed TPT (3.1/1,000 person-
years), diagnosed TB was higher among PLHIV who 
did not start TPT (21.6/1,000 person-years; IRR 6.9 [95% 
CI 5.7–8.3]) and those with incomplete TPT (11.0/1,000 
person-years; IRR 3.5 [95% CI 3.2–3.8]) (Table 2).

Median time between ART initiation and TB diag-
nosis was shortest for PLHIV who did not start TPT 
(182 [IQR 118–323] days), followed by those with in-
complete TPT (216 [IQR 141–408] days) and those who 

completed TPT (418 IQR 294–560] days). Among those 
who completed TPT, diagnosed TB was higher in male 
PLHIV (IRR 1.5 [95% CI 1.4–1.7]), younger and older 
age groups (<15 years, IRR  1.5 [95% CI 1.4–1.7]; >50 
years, IRR 1.7 [95% CI 1.5–2.0]), and in the Southern 
Region (IRR 1.6 [95% CI 1.3–1.9]) (Table 3). Other risk 
factors were unsuppressed viral load (IRR 2.3 [95% CI 
2.0–2.7]), CD4 count <200 cells/mm3 (IRR 1.9 [95% CI 
1.5–2.3]), and WHO clinical stage II–IV at ART initia-
tion (stage II, IRR 1.6 [95% CI 1.3–1.8]; stage III, IRR 2.5 
[95% CI 2.1–2.9]; stage IV, IRR 1.7 [95% CI 1.1–2.7]).

Conclusions
In Mozambique, TPT was associated with reduced 
incidence of TB disease among PLHIV, including 

 
Table 2. Incidence of TB among persons living with HIV newly initiated on ART after 2 years of follow-up, Mozambique, 2021–2024* 

Characteristic 
No. TB 
positive Person-years 

Incidence (95% 
CI) 

Univariate analysis 
 

Multivariate analysis 
IRR (95% CI) p value IRR (95% CI) p value 

TPT completion status  
 Complete 1,550 492,835 3.1 (3.0–3.3) Referent 

 
 Referent 

 

 Incomplete 1,346 122,675 11.0 (10.4–11.6) 3.5 (3.2–3.8) <0.001  3.83 (3.5–4.2) <0.001 
 Not started 231 10,705 21.6 (18.9–24.5) 6.9 (5.7–8.3) <0.001  5.25 (4.4–6.3) <0.001 
Sex 
 F 1,553 393,961 3.9 (3.7–4.1) Referent 

 
 Referent 

 

 M 1,574 232,254 6.8 (6.4–7.1) 1.7 (1.6–1.9) <0.001  1.56 (1.4–1.7) <0.001 
Viral load result† 
 Suppressed 2,603 579,825 4.5 (4.3–4.7) Referent 

 
 Referent 

 

 Unsuppressed 524 46,390 11.3 (10.3–12.3) 2.5 (2.3–2.8) <0.001  2.28 (2.0–2.5) <0.001 
Age group 
 15–49 2,352 541,281 4.3 (4.2–4.5) Referent 

 
 Referent 

 

 >50 477 52,035 9.2 (8.4–10.0) 2.1 (1.9–2.4) <0.001  1.55 (1.4–1.8) <0.001 
 <15 298 32,899 9.1 (8.1–10.1) 2.1 (1.8–2.4) <0.001  1.76 (1.6–2.0) <0.001 
TPT regimen‡ 
 Isoniazid 2,672 583,015 4.6 (4.4–4.8) Referent 

 
 

  

 3HP 224 32,495 6.9 (6.0–7.9) 1.5 (1.2–1.8) <0.001   
 

 No TPT 231 10,705 21.6 (18.9–24.5) 4.7 (3.9–5.6) <0.001  
  

Health facility setting 
 Rural 1,749 392,126 4.5 (4.3–4.7) Referent 

 
 Referent 

 

 Urban 1,378 234,089 5.9 (5.6–6.2) 1.3 (1.1–1.5) <0.001  1.21 (1.1–1.4) <0.001 
Region§ 
 Northern 796 185,636 4.3 (4.0–4.6) Referent   Referent  
 Central 1,295 289,951 4.5 (4.2–4.7) 1.0 (0.9–1.3) 0.67  0.84 (0.7–1.0) 0.02 
 Southern 1,036 150,628 6.9 (6.5–7.3) 1.6 (1.4–1.9) <0.001  1.51 (1.3–1.8) <0.001 
Latest CD4 result 
 >200 cells/mm3 550 72,187 7.6 (7.0–8.3) Referent   Referent  
 <200 cells/mm3 326 16,597 19.6 (17.6–21.9) 2.6 (2.2–3.0) <0.001  2.11 (1.8–2.5) <0.001 
 Not tested 2,251 537,431 4.2 (4.0–4.4) 0.5 (0.5–0.6) <0.001  0.58 (0.5-0.7) <0.001 
WHO staging status at ART start 
 Stage I 2,117 509,232 4.2 (4.0–4.3) Referent   Referent  
 Stage II 551 77,186 7.1 (6.6–7.8) 1.7 (1.5–1.9) <0.001  1.61 (1.5–1.8) <0.001 
 Stage III 345 24,948 13.8 (12.4–15.4) 3.3 (3.0–3.8) <0.001  2.62 (2.3–3.0) <0.001 
 Stage IV 51 4,201 12.1 (9.0–16.0) 2.9 (2.3–3.8) <0.001  1.89 (1.5–2.4) <0.001 
 Not recorded 63 10,649 5.9 (4.5–7.6) 1.4 (1.1–1.9) 0.01  1.29 (1.0–1.7) 0.06 
Started TPT within 30 d of ART initiation‡ 
 TPT at ART start 2,569 572,983 4.5 (4.3–4.7) Referent 

 
 

  

 Delayed TPT start 327 42,527 7.7 (6.9–8.9) 1.7 (1.5–1.9) <0.001  
  

 Not started 231 10,705 21.6 (18.9–24.5) 4.8 4.0–5.8) <0.001  
  

*Incidence is cases/1,000 person-years. IRR, incidence rate ratio, TPT, TB prevention therapy, 3HP, 3-month course of 12 (1/wk) doses of isoniazid and 
rifapentine. 
†Suppressed, <1,000 copies/mL; unsuppressed, >1,000 copies/mL. 
‡Variable not included in multivariate analysis.  
§Mozambique’s 11 provinces are categorized into 3 regions: Central (Sofala, Manica, Tete, Zambezia), Northern (Nampula, Niassa, Cabo Delgado), and 
Southern (Maputo City, Maputo, Gaza, Inhambane). 
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among those with incomplete TPT. TPT likely averted 
TB among PLHIV, potentially saving lives and reduc-
ing costs to the health system. Despite that success, 
certain groups had an elevated risk of developing TB 
disease, even after TPT completion: men, younger 
and older PLHIV, and those with poor clinical sta-
tus at ART initiation (unsuppressed HIV viral load, 
WHO clinical stages II–IV, and low CD4 count). Our 
findings are consistent with studies on TB incidence 
after TPT among PLHIV in sub-Saharan Africa (7,8). 
In addition, PLHIV in the Southern Region had el-
evated incidence, which aligns with higher overall 
TB incidence rates in the region; it might also reflect 
regional differences in TB services, including TB case 
detection (9; D. Respeito et al.).

PLHIV who completed TPT had a longer median 
time to TB diagnosis than did those who did not com-
plete TPT. Our results aligned with similar studies 
in sub-Saharan Africa and India (10–12). Because TB 
diagnosis among those completing TPT occurred ≈14 

months after ART initiation, a second course of TPT 
after a year could be beneficial, particularly among 
groups with elevated incidence. However, a recent 
randomized controlled trial did not find additional 
benefit from a repeat course of 3HP in Ethiopia, Mo-
zambique, and South Africa (2,13). There is insufficient 
evidence for additional courses of TPT for PLHIV who 
completed TPT without new TB exposures (2).

Our findings are strengthened by data from a 
large national patient cohort containing 85% of PLHIV 
on ART. However, routine data are prone to quality 
concerns (i.e., data entry errors, poor completion of 
clinical tools); continual quality assurance activities 
and rigorous study exclusion criteria helped mitigate 
potential data-quality bias. We analyzed available 
programmatic data, which did not include other vari-
ables affecting TB (e.g., underlying conditions, body 
mass index). Misclassification could have occurred, 
given reliance on PLHIV self-reporting as newly 
initiated on ART and data cleaning assumptions.  

 
Table 3. Incidence of TB among PLHIV newly initiated on ART who completed TPT, Mozambique, 2021–2024* 

Characteristic 
TB 

positive Person-years 
Incidence rate 

(95% CI) 
Univariate analysis 

 
Multivariate analysis 

IRR (95% CI) p value IRR (95% CI) p value 
Sex         
 F 803 313,190 2.6 (2.4–2.7) Referent   Referent  
 M 747 179,645 4.2 (3.9–4.5) 1.6 (1.5–1.8) <0.001  1.54 (1.4–1.7) <0.001 
Viral load result†         
 Suppressed 1,316 458,416 2.9 (2.7–3.0) Referent   Referent  
 Unsuppressed 234 34,419 6.8 (6.0–7.7) 2.4 (2–2.7) <0.001  2.35 (2–2.7) <0.001 
Age group         
 15–49 1,197 427,626 2.8 (2.6–3.0) Referent   Referent  
 <15 118 23,783 5.0 (4.1–5.9) 1.8 (1.5–2.2) <0.001  1.50 (1.2–1.8) <0.001 
 ≥50 235 41,425 5.7 (5.0–6.4) 2.0 (1.7–2.3) <0.001  1.72 (1.5–2) <0.001 
TPT regimen         
 Isoniazid 1,371 461,601 3.0 (2.8–3.1) Referent   Referent  
 3HP 179 31,234 5.7 (4.9–6.6) 1.9 (1.6–2.3) <0.001  1.07 (0.9–1.3) 0.54 
Health facility setting         
 Rural 872 305,777 2.9 (2.7–3) Referent   Referent  
 Urban 678 187,058 3.6 (3.4–3.9) 1.3 (1.1–1.5) <0.001  1.12 (1–1.3) 0.14 
Region‡         
 Northern 416 159,095 2.6 (2.4–2.9) Referent   Referent  
 Central 533 205,089 2.6 (2.4–2.8) 1.0 (0.8–1.2) 0.95  1.05 (0.9–1.3) 0.60 
 Southern 601 128,651 4.7 (4.3–5.1) 1.8 (1.5–2.1) <0.001  1.58 (1.3–1.9) <0.001 
Latest CD4 result         
 ≥200 cells/mm3 301 58,421 5.2 (4.6–5.8) Referent   Referent  
 <200 cells/mm3 160 13,622 11.7 (10–13.7) 2.3 (1.9–2.8) <0.001  1.87 (1.5–2.3) <0.001 
 Not Tested 1,089 420,792 2.6 (2.4–2.7) 0.5 (0.4–0.6) <0.001  0.57 (0.5–0.7) <0.001 
WHO staging status at ART start  
 Stage I 1,105 403,014 2.7 (2.6–2.9) Referent   Referent  
 Stage II 268 60,760 4.4 (3.9–5) 1.6 (1.4–1.9) <0.001  1.55 (1.3–1.8) <0.001 
 Stage III 131 18,502 7.1 (5.9–8.4) 2.6 (2.2–3.1) <0.001  2.46 (2.1–2.9) <0.001 
 Stage IV 18 2,993 6.0 (3.6–9.5) 2.2 (1.4–3.5) <0.001  1.70 (1.1–2.7) <0.001 
 Not recorded 28 7,566 3.7 (2.5–5.3) 1.3 (0.9–2) 0.13  1.41 (1–2.1) 0.08 
Started TPT within 30 d of ART initiation 
 TPT at ART start 1,446 466,832 3.1 (2.9–3.3) Referent 

 
 Referent 

 

 Delayed TPT start 104 26,003 4.0 (3.3–4.8) 1.3 (1.1–1.6) <0.001  1.02 (0.8–1.2) 0.88 
*Incidence is cases/1,000 person-years. IRR, incidence rate ratio, TPT, TB prevention therapy, 3HP, 3-month course of 12 (1/wk) doses of isoniazid and 
rifapentine. 
†Suppressed, <1,000 copies/mL; unsuppressed, >1,000 copies/mL. 
‡Mozambique’s 11 provinces are categorized into 3 regions: Central (Sofala, Manica, Tete, Zambezia), Northern (Nampula, Niassa, Cabo Delgado), and 
Southern (Maputo City, Maputo, Gaza, Inhambane). 
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Despite those limitations, our study shows high con-
cordance with other studies analyzing the effective-
ness of TPT among PLHIV (14) and underscores the 
value of using a national data warehouse for analyz-
ing programmatic outcomes.

In summary, TPT was associated with reduced 
TB incidence among PLHIV in Mozambique, includ-
ing those who had not completed TPT. Improving 
TPT initiation and completion, along with focusing 
on men, younger and older PLHIV, and those with 
poor clinical status at ART initiation, could further re-
duce TB incidence.
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The fungal infection blastomycosis had not been 
considered endemic to upstate New York, USA, 

but an increase in cases has been seen during the 
past decade (1,2), such that it could be an emerging 
endemic area (3). Despite increased efforts to raise 
awareness, this disease is not reportable in the state 
of New York. Because of the lack of recognition of 
blastomycosis as an emerging infection, diagnosis 
and treatment are often delayed (3). We conducted 
a retrospective study of patients with blastomycosis 
in this region, aiming to describe the epidemiologic 
characteristics and geographic distribution and to 
raise awareness of this disease.

The Study
We retrospectively reviewed patients with diagnosed 
blastomycosis who were either hospitalized or man-
aged in infectious disease clinics in Albany, New 
York, USA, during January 2000–December 2024. We 
identified patients with confirmed blastomycosis by 
reviewing pathology records, microbiology records, 
or both, through an electronic medical record system. 

We defined a confirmed case as a positive Blastomyco-
sis spp. result for >1 of the following tests: real-time 
PCR, positive culture, or histopathology and cytopa-
thology findings consistent with the diagnosis (4,5). 
Real-time PCR was performed on clinical specimens 
obtained directly from patients, including tissue bi-
opsy specimens, bronchoalveolar lavage fluid, and 
sputum. The PCR used in this study was developed 
by the laboratory of the New York State Department 
of Health’s Wadsworth Center from BAD1 Blastomy-
ces spp. with high sensitivity and specificity (2). The 
test has undergone the Clinical Laboratory Evalu-
ation Program of the New York State Department  
of Health.

We calculated incidence of blastomycosis over 24 
years. We used Tableau Desktop 2025.1.1 (Tableau, 
https://www.tableau.com) to generate a geographic 
map to visualize the incidence distribution across the 
affected regions using postal (ZIP) codes. We clas-
sified patients as having either isolated pulmonary 
infection or disseminated infection (involving >1 or-
gan or any organ other than the lung). We compiled 
clinical characteristics, radiologic features, diagnostic 
methods, and treatment for both groups.

We identified 54 patients with a confirmed blas-
tomycosis diagnosis during the study period (Table 
1). Most (87%, n = 47) patients were hospitalized, but 
7 (13%) patients were managed as outpatients. Nearly 
all cases were initially misdiagnosed, most commonly 
with community-acquired pneumonia or malignan-
cy. More than half (57%) of patients had no identifi-
able underlying conditions (Table 1).

The most common diagnostic method for speci-
men collection was biopsy, performed in 42 (82%) pa-
tients. Biopsy was performed in 25/28 (89%) patients 
with disseminated infection and 17/23 (71%) patients 
with pulmonary infection. The most commonly biop-
sied organ was the lung (56%), followed by skin (25%) 
and bone (17%). Real-time PCR was used in 39 (78%) 
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Blastomycosis is not yet considered endemic in up-
state New York, USA; however, cases have increased 
during the past decade. We performed a retrospective 
study of 54 laboratory-confirmed cases reported during 
2000–2024. Our results demonstrate an increase in in-
cidence over time, indicating that this region represents 
an emerging endemic area.
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cases, culture in 29 (58%) cases, and histopathology/
cytopathology in 13 (26%) cases. Only in 13/50 (24%) 
cases was PCR the sole method of diagnosis. More 
than 1 diagnostic method was used in 52% of cases 
(Table 2).

Most (96%) patients were residents of upstate 
New York, and 85% of those lived in counties with-
in the Capital District region around Albany (Ap-
pendix Figure, https://wwwnc.cdc.gov/EID/ar-
ticle/32/3/25-1306.pdf). No patients reported travel 
to known endemic areas. We mapped the geographic 
distribution of cases along the Mohawk River (Figure 
1). The number of reported blastomycosis cases rose 
substantially during the study years, but the most 
pronounced rise occurred in 2024, which represented 
24% (13/54) of total cases (Figure 2). Those cases were 
distributed over multiple counties in the region and 
not concentrated in 1 area.

Disseminated infection was present in 54% of 
patients; the other 46% had isolated pulmonary in-
volvement. We compared the clinical characteristics, 
radiologic features, diagnostic methods, and treat-
ments for those 2 groups (Table 2) and found no no-
ticeable differences. We did not perform statistical 
analyses for the comparison of the 2 groups because 
of the small sample sizes.

The results from this study demonstrate the 
recent increase in the incidence of blastomycosis 
cases in upstate New York. Many patients resided 
near the Mohawk River Valley area, highlighting 
the disease’s rising incidence in that region. None 
of the patients in this study had documented trav-
el history to known endemic areas, implying that 
the infection was acquired locally. That increasing 
trend might be the result of climate change caus-
ing a more favorable environment for the growth or 
sporulation of Blastomyces species. Previous studies 
have suggested that a global increase in tempera-
ture and rainfall has played a key role in the rising 
number of blastomycosis cases and its spread to 
nonendemic areas, given that the fungus thrives in 
moist and warm environments (6,7). Similarly, tem-
peratures and precipitation in upstate New York 
have risen over the years (8), contributing to a more 
favorable environment for Blastomyces spp. growth. 
Another factor that might have contributed to the 
increasing trend is increased disease detection with 
PCR, which has high sensitivity and specificity for 
Blastomyces spp. (9).

Historically, blastomycosis was recognized as 
endemic in parts of North America, particularly in 
regions surrounding the Ohio and Mississippi Riv-
er Valleys and the Great Lakes (10). The infectious 

 etiology in this study follows a similar pattern, with 
a high incidence of cases reported in areas along the 
Mohawk River (Figure 1). Currently, only 5 US states 
require reporting blastomycosis to the health depart-
ment: Arkansas, Louisiana, Michigan, Minnesota, 
and Wisconsin (11). The cases described in this study 
reflect a single medical center, suggesting that the 
data are probably a fraction of the actual disease bur-
den in the region and that the true incidence might 
exceed official estimates. In 2017, the Centers for Dis-
ease Control and Prevention, alerted by the New York 
State Department of Health, reported an increase in 
blastomycosis incidence in the Capital District region 
among patients with no travel history to endemic ar-
eas (12). Other studies have provided evidence of the 
increasing blastomycosis incidence, suggesting that 
upstate New York could be an emerging endemic  
region (3,13,14).

Diagnosis of blastomycosis requires a high index 
of clinical suspicion, particularly in patients with pul-
monary infections and extrapulmonary lesions. Such 
 
Table 1. Demographic characteristics and underlying conditions 
for 54 patients with laboratory-confirmed blastomycosis reported 
in Albany, New York, USA, 2000–2024* 
Characteristics Value 
Mean age + SD, y 43 + 18 
Median age, y (range) 42 (4–78) 
Sex  
 F 12 (22) 
 M 42 (78) 
Average BMI + SD 27 +  6 
Median BMI (range) 26 (16.9–39.7) 
Race  
 Caucasian 37 (69) 
 African American 9 (17) 
 Asian 2 (4) 
 Other 6 (11) 
Underlying conditions  
 Chronic lung disease 10 (19) 
 Diabetes mellitus 9 (17) 
 Cardiovascular disease 4 (7) 
 Malignancy 4 (7) 
 Immunosuppression 2 (4) 
 Organ transplant 1 (2) 
 HIV 1 (2) 
 Kidney disease and failure 2 (4) 
 Pregnancy 1 (2) 
 None identified 31 (57) 
 Tobacco use 30 (55) 
 Marijuana use 9 (15) 
Preliminary diagnoses, n = 46  
 Community-acquired pneumonia 14 (30) 
 Malignancy 12 (26) 
 Skin and soft tissue infection 5 (11) 
 Osteomyelitis 4 (9) 
 Bacterial and viral infection 3 (7) 
 Tuberculosis 1 (2) 
 Blastomycosis 1 (2) 
 Other 6 (13) 
*Values are no. (%) except as indicated. Categories are not mutually 
exclusive, so totals may sum to >100%. 

 

 Blastomycosis, New York, USA, 2000–2024
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patients often have no notable underlying conditions. 
Given that nearly all patients in this cohort initially 
had misdiagnoses and that New York is not currently 
considered an endemic region, most patients experi-
enced a delay in diagnosis and appropriate treatment.

The first limitation of this study was its single-
center retrospective nature, which limits the general-
izability of our results and creates the need for further 
studies with a broader sample of the population. Sec-
ond, asymptomatic patients were less likely to seek 

 
Table 2. Diagnostic evaluation and treatment patterns for patients with isolated and disseminated laboratory-confirmed blastomycosis 
reported in Albany, New York, USA, 2000–2024* 
Characteristics Isolated pulmonary Disseminated Total 
Mean age + SD, y 45 + 17 40 + 19 43 + 18 
Sex n = 24 n = 28 n = 52 
 F 7 (29) 4 (14) 11 (21) 
 M 17 (71) 24 (86) 41 (79) 
Method of specimen collection n = 23 n = 28 n = 51 
 Biopsy 17 (71) 25 (89) 42 (82) 
 Bronchioalveolar lavage 14 (58) 3 (11) 17 (32) 
 Sputum 2 (8) 1 (4) 3 (6) 
 Lumbar puncture 0 3 (11) 3 (6) 
Methods of establishing diagnosis n = 22 n = 28 n = 50 
 Real-time PCR 17 (77) 22 (79) 39 (78) 
 Culture 12 (55) 17 (61) 29 (58) 
 Histopathology and cytopathology 6 (27) 7 (25) 13 (26) 
Computed tomography chest characteristics n = 24 n = 12 n = 36 
 Mass 8 (33) 5 (42) 13 (36) 
 Lobar consolidation 9 (38) 3 (25) 12 (33) 
 Nodular 7 (29) 4 (33) 11 (31) 
 Pleural effusion 3 (13) 3 (25) 6 (17) 
 Mediastinal lymphadenopathy 2 (8) 2 (17) 4 (11) 
 Cavity 3 (13) 0 3 (8) 
 Miliary 1 (4) 1 (8) 2 (6) 
Treatment n = 19 n = 21 n = 40 
 Itraconazole only 13 (68) 11 (53) 24 (60) 
 Amphotericin B followed by itraconazole 4 (21) 6 (29) 11 (28) 
 Amphotericin B only 2 (11) 2 (10) 4 (10) 
 Fluconazole 0 2 (10) 2 (5) 
 Voriconazole 1 (5) 0 1 (3) 
Length of treatment, n = 31 n = 15 n = 16 n = 31 
 6 mo 7 (47) 1 (6) 8 (26) 
 9 mo 0 1 (6) 1 (3) 
 12 mo 8 (53) 14 (88) 22 (71) 
Death 1 (2) 2 (4) 3 (6) 
Total 24 (46) 28 (54) 52 
*Values are no. (%) except as indicated. Categories are not mutually exclusive, so totals may sum to >100%. Data were not available for all variables for 
every patient; therefore, denominators vary by category. Percentages are calculated by using the number of patients with available data for each variable. 

 

Figure 1. Geographic distribution 
of blastomycosis cases in 
upstate New York, USA, 2000–
2024. Yellow shading indicates 
a higher number of cases 
associated with that postal (ZIP) 
code. A higher concentration 
of cases is observed in regions 
near the Mohawk River (inset), 
suggesting a potential area of 
increased endemicity.
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medical care and were thus omitted. Third, PCR test-
ing was performed on samples from many patients, 
but PCR is not widely available at other hospitals. 
However, in many cases, results were also confirmed 
by culture results. Fourth, some patients did not have 
comprehensive clinical and diagnostic data available 
for a thorough analysis. Last, some patients might 
have received treatment at a different medical center 
and were not captured in this analysis. Therefore, the 
cases we report do not represent the true incidence of 
cases in the community, although results were vali-
dated with the state public health laboratory at the 
Wadsworth Center.

Conclusions
Despite the limitations, our results strongly indicate 
that upstate New York represents a new emerging 
endemic area for blastomycosis. Therefore, we rec-
ommended that this disease be made reportable to 
the state’s health departments. Physicians in this re-
gion should consider blastomycosis when pulmonary 
symptoms are accompanied by cutaneous findings, 
potentially reducing initial misdiagnoses and treat-
ment delays.

The Albany Medical College Institutional Review  
Board determined that the study was exempt from further 
review because the database used was exclusively  
deidentified. 

All authors contributed equally to the conception, drafting, 
and review of this case report. Each author has approved 
the final version for submission.
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India contributes 25% of the tuberculosis (TB) burden 
and 32% of drug-resistant TB (DR TB) cases world-

wide (1). DR TB in Mumbai ranks among the highest 
globally (2). Within Mumbai, Dharavi is one of the 
world’s largest informal settlements, housing >1 mil-
lion persons in 0.8 square miles and supporting ≈15,000 
small factories employing >250,000 persons (3).

Completing DR TB treatment in Dharavi remains 
challenging because many patients are migrants who 
lack stable family support during treatment (4). DR 
TB treatment regimens are prolonged and rely on sec-
ond-line drugs, which are more toxic than those used 
for drug-susceptible TB. Drug-related adverse events 
are common during DR TB treatment and complicate 
clinical management (5). Consequently, DR TB is as-
sociated with higher relapse and mortality rates (1). 

The development of shorter, more tolerable DR 
TB regimens offers opportunities to improve and 

decentralize care. However, data on drug-specific 
adverse events in community-based programs re-
main limited despite global recommendations for 
active monitoring (6). We evaluated a home-based 
adverse event monitoring system implemented in 
Dharavi to assess patient adherence to treatment 
regimens and feasibility of such programs in re-
source-limited settings.

The Study
The End DRTB in Dharavi project included a series of 
programmatic interventions aimed at improving treat-
ment adherence and outcomes among patients with 
DR TB in that area (7). In brief, all adult (>18 years 
of age) DR TB patients within Dharavi who initiated 
government-supported treatment during December 
2020–June 2022 were eligible for inclusion. The project 
prospectively enrolled TB patients who initiated treat-
ment for multiple phenotypic drug-resistance patterns, 
including monoresistant (i.e., resistance to 1 first-line 
drug), polyresistant (i.e., resistance >2 first-line drugs 
but not to both isoniazid and rifampin), multidrug-
resistant (MDR; i.e., resistance to at least isoniazid 
and rifampin), and extensively drug-resistant (XDR; 
i.e., MDR and resistance to any fluoroquinolone and a 
second-line injectable drug [SLID]). All participants re-
ceived drug-susceptibility guided treatment, according 
to national guidelines (8). Urban Health Centre (UHC) 
Dharavi provided baseline testing to assess toxicity, in-
cluding audiometry, electrocardiogram (ECG), visual 
acuity and Snellen tests, and comprehensive metabolic 
blood panels for pretreatment evaluation. We provid-
ed point-of-care, tablet-based audiometry (Shoebox, 
https://www.shoebox.md) and electrocardiogram  
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We investigated home-based outreach and point-of-care 
diagnostic tools for monitoring adverse events among 
persons treated for drug-resistant tuberculosis in Dhara-
vi, India. Of 974 persons treated, 518 (53%) reported 
1,410 adverse events, 126/477 (26%) required regimen 
change, and 83% of patients completed therapy. Home-
based adverse event monitoring can help improve tuber-
culosis treatment adherence.
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(SmartHeart, https://www.getsmartheart.com) tests 
to expedite pretreatment evaluation and reduce trav-
el requirements for testing. Trained field coordina-
tors subsequently recorded clinical adverse events 
during monthly home visits by using a standardized 
screening and referral questionnaire (Appendix Fig-
ure, https://wwwnc.cdc.gov/EID/article/32/3/25-
1893-App1.pdf), audiometry, and electrocardiogram 
testing, following a previously described predeter-
mined schedule (7). 

We categorized adverse events as mild, moderate, 
or severe. Severe adverse events resulted in hospital-
ization, persistent disability, a life-threatening condi-
tion, or death and required clinical intervention to 
prevent or manage those outcomes (7). Moderate ad-
verse events required clinical intervention, symptom-
atic treatment, or treatment modification but not hos-
pitalization, and mild adverse events did not require 
clinical intervention or treatment modification. We 
referred patients reporting any adverse event to the 
nearest medical officer for evaluation, per standard 
guidelines (8), and referred patients with abnormal  

audiometry or ECG findings or any severe adverse 
event to a tertiary care facility or the UHC chest phy-
sician for further management and any necessary 
treatment regimen modifications.

Our primary outcomes were occurrence and tim-
ing of any clinically relevant adverse event or ab-
normality (audiometric, cardiac, optic, or metabolic) 
during DR TB treatment. We excluded from analysis 
adverse events that were reported at baseline, before 
the medication regimen began. We counted adverse 
events reported at consecutive visits as a single event 
unless severity increased and considered nonconsec-
utive episodes separate events. Because hearing loss 
is generally irreversible, we classified it as a nonrecur-
ring event but recorded any worsening (9).

We used frequencies and proportions to describe 
new adverse events during treatment, stratified 
by regimen and antimicrobial drugs. We assessed 
group differences by using χ2 or Monte Carlo simu-
lation methods, as appropriate. We analyzed time to 
first event by using cumulative incidence function 
with Gray’s method, accounting for competing risks, 

 
Table. Frequency, severity, and treatment modification of reported adverse events during home-based monitoring of drug-resistant 
tuberculosis treatment, Dharavi, Mumbai, India, 2020‒June 2024* 

Adverse event† Total  
Severity Required treatment 

modification  Mild Moderate Severe 
Neurologic 292 (21) 86 (29) 203 (70) 3 (1) 52 (18) 
 Tingling, pain, or numbness in hands or feet 148 (11) 48 (32) 99 (67) 1 (1) 34 (23) 
 Visual disturbances 54 (4) 15 (28) 39 (72) 0 12 (22) 
 Headache 34 (3) 7 (21) 26 (76) 1 (3) 3 (9) 
 Dizziness 27 (2) 8 (30) 19 (70) 0 0 
 Hearing loss 16 (1) 1 (6) 15 (94) 0 1 (6) 
 Ringing in ears 12 (1) 7 (58) 5 (42) 0 2 (17) 
 Seizure 1 (<1) 0 0 1 (100) 0 
Gastrointestinal 309 (22) 123 (40) 175 (57) 11 (4) 12 (4) 
 Nausea, vomiting 163 (12) 79 (48) 80 (49) 4 (3) 6 (4) 
 Loss of appetite 68 (5) 24 (35) 43 (63) 1 (2) 3 (4) 
 Abdominal pain 51 (4) 13 (25) 33 (65) 5 (10) 2 (4) 
 Diarrhea 13 (1) 3 (23) 10 (77) 0 1 (8) 
 Constipation 8 (<1) 2 (25) 6 (75) 0 0 
 Difficulty urinating 4 (<1) 1 (25) 2 (50) 1 (25) 0 
 Yellowish discoloration of skin and eyes 2 (<1) 1 (50) 1 (50) 0 0 
Musculoskeletal 174 (12) 66 (38) 108 (62) 0 23 (13) 
 Joint pain 168 (12) 65 (39) 103 (61) 0 22 (13) 
 Neck, face swelling 6 (<1) 1 (17) 5 (83) 0 1 (17) 
Behavioral 48 (4) 18 (38) 26 (54) 4 (8) 10 (21) 
 Psychosis 10 (1) 6 (60) 4 (40) 0 2 (20) 
 Changes in behavior 18 (1) 6 (33) 11 (61) 1 (6) 5 (28) 
 Sleep disturbances 8 (<1) 3 (38) 5 (62) 0 1 (13) 
 Depression or suicidal ideation 12 (1) 3 (25) 6 (50) 3 (25) 2 (17) 
Dermatologic 37 (3) 21 (57) 16 (43) 0 3 (8) 
 Skin rash or itching 37 (3) 21 (57) 16 (43) 0 3 (8) 
Cardiologic 99 (7) 28 (28) 66 (67) 5 (5) 5 (5) 
 Abnormal electrocardiogram 39 (3) 20 (51) 19 (49) 0 0 
 Fatigue 38 (3) 4 (11) 31 (82) 3 (8) 3 (8) 
 Palpitations 22 (2) 4 (18) 16 (73) 2 (9) 2 (9) 
 Other, unspecified 451 (32) 139 (31) 284 (63) 28 (6) 21 (5) 
Total 1,410 481 (34) 878 (62) 51 (4) 126 (9) 
*Values are no. (%). 
†Patients could experience multiple events. 
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including death, loss to follow-up, treatment discon-
tinuation, and transfers out of the service area. We 
estimated subdistribution hazard ratios and 95% CIs 
by using the Fine-Gray model with weighted Cox  
regression. This activity was approved by the  
Brihanmumbai Mumbai Corporation and the US 
Centers for Disease Control and Prevention and was 
determined to be nonresearch.

Among 974 DR TB patients, 880 (90%) started 
MDR TB treatment, 51 (5%) started monoresistant 
TB treatment, 38 (4%) started XDR TB treatment, 
and 5 (<1%) started polyresistant TB regimens (Ap-
pendix Table). Overall, 518 (53%) patients reported 
a total of 1,410 discrete adverse events, the most 
frequent of which were gastrointestinal (22%), neu-
rologic (21%), and musculoskeletal (12%) events 
(Table). Most (96%, n = 1,359) events were mild 
or moderate; 38 (7%) patients experienced 51 (4%) 
severe events. Participants receiving MDR TB regi-
mens were more likely (55%) to report >1 adverse 
event than those who received monoresistant or 
polyresistant (41%) or XDR TB regimens (40%) 
(p = 0.04), none of which included SLIDs. Partici-
pants on a regimen containing SLIDs were almost 4 
times as likely to report an adverse event compared 
with those not using SLIDs (hazard ratio 3.87 [95% 
CI 3.14–4.77]) (Figure). Of patients who received 
SLIDs, 206 (89%) completed treatment. Overall, 805 
(83%) patients completed TB treatment.

Treatment modification data were available 
for 477 (92%) patients who reported an adverse 
event. Among those, 126 (26%) reported >1 regimen 

change attributable to their event, and 57 (45%) regi-
men changes occurred at first adverse event. Two 
patients developed clinically apparent jaundice, 
corroborated by elevated hepatic transaminase and 
bilirubin levels; both required treatment regimen  
modification. Thirty-nine (3%) patients had abnor-
mal ECG findings and were referred to UHC chest 
physicians for further evaluation; none required 
treatment regimen modification. Among 233 pa-
tients receiving SLIDs, 219 (94%) had baseline audio-
metric screening, and 173 (79%) had abnormal fol-
low-up results. Of those, 100 (58%) were evaluated 
by an otolaryngologist or audiology subspecialist, 
and 14 (14%) discontinued SLIDs after assessment. 
Regimen changes enabled patients to continue treat-
ment safely and did not necessarily result in treat-
ment interruption or discontinuation. Our findings 
aligned with results from an individual patient data 
meta-analysis on MDR TB, which demonstrated 
poorer outcomes among patients treated with kana-
mycin or capreomycin SLIDs (10).

Conclusions
This home-based monitoring model coincided with 
sustained care engagement and adherence; 83% of 
patients completed therapy in Dharavi, compared 
with ≈1 in 3 before implementation of this model (7). 
Even among patients on SLID-containing regimens, 
the group with the most adverse events, 89% com-
pleted treatment. Although not a causal evaluation, 
our findings suggest that routine adverse event moni-
toring, detection, and timely management supported  

Figure. Cumulative incidence 
function curves of time to first 
clinical adverse events in a 
study of home-based monitoring 
of treatment-related adverse 
events during drug-resistant 
tuberculosis treatment, Dharavi, 
Mumbai, India, 2020‒2024. 
Graphs compare reactions 
between patients with injectable 
versus noninjectable treatment 
regimens among patients 
with drug-resistant TB. Solid 
lines indicate medians; dotted 
lines indicate 95% CIs. sHR, 
subdistribution hazard ratio.
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improved treatment adherence and completion. 
SLIDs have been downgraded in national guidelines 
(7), but several factors highlight the need to reassess 
their role in TB treatment. Those factors include rising 
bedaquiline resistance; challenges accessing bedaqui-
line, pretomanid, linezolid, and moxifloxacin–based 
regimens; frequent linezolid toxicity; and limited 
access to drug-susceptibility testing (11,12). Given 
their high resistance threshold, SLIDs might remain 
useful when judiciously applied. Emerging evidence 
that 2 early high-dose amikacin doses can reduce ini-
tial resistance without added short-term toxicity (13) 
supports a limited transitional role for SLIDs within 
evolving all-oral, patient-centered treatment models.

In conclusion, sustained investments in local 
capacity and integration of patient-centered moni-
toring within national TB programs are essential to 
achieving global End TB targets (14). We found that 
active home-based monitoring for adverse events 
and use of point-of-care diagnostic tools were fea-
sible and effective in this high-burden, resource-
constrained setting. That approach improved early 
detection and management of drug-related toxicities 
and sustained engagement in care and adherence 
among patients with DR TB. Implementation of de-
centralized adverse event surveillance and mobile 
health technologies can strengthen pharmacovigi-
lance and improve treatment outcomes in similar 
high-density, informal settlements. 
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Streptococcus pneumoniae (pneumococcus) is a 
leading bacterial cause of community-acquired 

pneumonia in the United States (1). Although in-
frequent, pneumococcus can also cause invasive 
pneumococcal disease (IPD), an infection in a nor-
mally sterile site (i.e., blood, cerebrospinal fluid, or 
bone or joint space) (2). Young children, persons 
with certain underlying conditions or risk factors 
(e.g., chronic heart, liver, or lung disease; HIV in-
fection; cigarette smoking), and older adults are at 
increased risk for IPD (1).

IPD outbreaks can occur in congregate settings, 
such as nursing homes or correctional facilities (i.e., 
jails and prisons), and result in substantial illness 
and death (3,4). Close living quarters increase risk 
for pneumococcal transmission. Effective vaccines 
against IPD are available (5); however, pneumococ-
cal vaccines confer protection only to the specific 
S. pneumoniae serotypes contained in vaccines (5). 
That limitation poses a challenge to timely use of 

vaccines for containing outbreaks because delays in 
determining pneumococcal serotypes often occur. 
Emergence of serotype 4 IPD cases among certain 
adult populations might further complicate vaccine 
product selection (6,7). Newer pneumococcal con-
jugate vaccines (PCVs) cover more serotypes, but 
the 21-valent PCV (PCV21) that was most recently 
recommended for adults in 2024 (5) does not con-
tain serotype 4, whereas other recommended pneu-
mococcal vaccines do. As of 2023, serotype 4 was 
uncommon in the southeastern United States, ac-
cording to available data from the Centers for Dis-
ease Control and Prevention (CDC) Active Bacterial 
Core surveillance (8).

On June 26, 2024, the North Carolina Division of 
Public Health was informed of multiple pneumonia 
and pneumococcal disease cases at a minimum cus-
tody correctional facility in North Carolina, USA. We 
conducted an investigation to characterize cases iden-
tified within the facility during June 14–July 30, 2024, 
and to determine intervention strategies.

The Investigation
We classified cases into 3 categories: suspected, 
probable, and confirmed (Appendix, https://ww-
wnc.cdc.gov/EID/article/32/3/25-0789-App1.pdf). 
Suspected cases were defined as new-onset respira-
tory symptoms necessitating antibiotic treatment 
but without laboratory-confirmed pneumococcal in-
fection. Probable cases were defined as radiograph-
confirmed pneumonia or clinical or laboratory signs 
of sterile site infection (e.g., sepsis) without pneu-
mococcal detection. Confirmed cases were defined 
as culture-confirmed S. pneumoniae from a normally 
sterile site. Pneumococcal isolates were sent to CDC 
for serotyping and to assess genetic relatedness 
by single-nucleotide polymorphism analysis. This  
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A Streptococcus pneumoniae serotype 4 outbreak in a 
North Carolina correctional facility resulted in 14 cases 
(8 suspected, 1 probable, and 5 confirmed). After imple-
mentation of movement restrictions and vaccination with 
23-valent pneumococcal polysaccharide vaccine, new 
cases ceased. Serotype 4 presence in this setting raises 
challenges for an effective vaccination strategy.
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activity was reviewed by CDC, deemed not research, 
and was conducted consistent with applicable federal 
law and CDC policy (see, e.g., 45 C.F.R. part 46.102(l) 
(2), 21 C.F.R. part 56; 42 U.S.C. §241(d); 5 U.S.C. §552a; 
44 U.S.C. §3501 et seq.).

We identified 14 cases (8 suspected, 1 probable, 
and 5 confirmed) among 267 incarcerated persons (Ta-
ble; Figure). Persons with suspected cases had mild re-
spiratory symptoms (i.e., cough); those with probable 
and confirmed cases had more severe signs and symp-
toms (Table). All persons with confirmed and probable 
cases were hospitalized, and all survived (Table). Me-
dian age at illness onset was 51 (range 29–68) years. 
Most (79%, n = 11) cases, including all confirmed and 
probable cases, occurred among Black men. Among 
confirmed and probable cases, 4 (67%) of 6 occurred 
among current or former smokers. Most (79%, n = 11) 
cases occurred among persons with occupations while 
incarcerated, either within the facility (e.g., kitchen or 
custodial staff) or as part of work-release (e.g., nearby 
poultry plant). We abstracted pneumococcal vaccina-
tion statuses for patients from medical records and 
compared those records with the North Carolina Im-
munization Registry. No patient had a documented 
pneumococcal vaccination history.

All incarcerated persons and facility staff were of-
fered prophylactic vaccination with 23-valent pneu-
mococcal polysaccharide vaccine (PPSV23); PPSV23 

was most readily available for purchase in sufficient 
quantities. On July 1, 2024, five days after the outbreak 
was reported, multiple staff and 157 (59%) incarcer-
ated persons received PPSV23. Postexposure antibi-
otic prophylaxis was not offered, but symptomatic 
persons received empiric antibiotic treatment with 
azithromycin. Work-release and movement within 
the correctional facility were restricted from June 26 
through July 8, 2024. No additional cases were report-
ed after June 26, 2024.

Pneumococcal isolates from laboratory-confirmed 
cases were all serotype 4, multilocus sequence type 
(ST) 695. The average core-genome single-nucleotide 
polymorphism difference was 10, indicating isolates 
were closely related. All 5 isolates were pansuscep-
tible to relevant antibiotics (penicillin, amoxicillin, 
cefotaxime, ceftriaxone, cefuroxime, meropenem, 
vancomycin, erythromycin, tetracycline, doxycycline, 
levofloxacin, trimethoprim/sulfamethoxazole, chlor-
amphenicol, rifampin, clindamycin, quinupristin/
dalfopristin, and linezolid) on the basis of whole-ge-
nome sequencing predictions (9).

This IPD serotype 4 outbreak occurred in a correc-
tional facility located in a geographic area where sero-
type 4 is considered to be uncommon. IPD outbreaks 
in congregate settings, such as correctional facili-
ties, remain a public health concern. Rapid detection  
of the outbreak and timely interventions were aided 

 
Table. Demographics and risk factors of pneumococcal infections by case classification among patients in correctional facility, North 
Carolina, USA, June 14–July 30, 2024* 
Category Confirmed Probable Suspected 
Total no. cases 5 1 8 
Median patient age, y (range) 42 (39–62) 29 (NA) 54.5 (30–68) 
Race    
 Black or African American 5 (100) 1 (100) 5 (62.5) 
 White 0 0 3 (37.5) 
Work status    
 None 1 (20) 0 2 (25) 
 Poultry plant 2 (40) 0 1 (12.5) 
 Other work† 2 (40) 1 (100) 5 (62.5) 
 Current 2 (40) 0 NA 
Smoking status‡    
 Former 2 (40) 0 NA 
 Never 1 (20) 1 (100) NA 
Select signs and symptoms    
 Fever 2 (40) 1 (100) 0 
 Cough 4 (80) 1 (100) 8 (100) 
 Radiograph-confirmed pneumonia 5 (100) 1 (100) 0 
 Clinical signs of sepsis 4 (80) 1 (100) 0 
 Lumbar puncture–confirmed meningitis 1 (20) 0 0 
Testing and treatment    
 Treated with antibiotics§ 5 (100) 1 (100) 8 (100) 
 Positive culture from normally sterile site 5 (100) 0 0 
 Hospitalized 5 (100) 1 (100) 0 
*Values are no. (%) except as indicated. NA, not applicable. 
†Other work includes custodial staff, kitchen, and municipal worker (any job except at the poultry plant), some of which occurred outside the correctional 
facility. 
‡Smoking status was determined by medical record review. Records were only available to sufficiently review confirmed and probable cases. 
§Empiric treatment with antibiotics only. Postexposure antibiotic prophylaxis was not administered, but providers might have had a higher suspicion of 
pneumococcal disease after the outbreak began. 
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by collection of bacterial cultures. In this outbreak, be-
fore serotyping results were available, public health 
officials chose PPSV23 on the basis of availability; 
fortunately, that vaccine covered the outbreak strain 
(serotype 4).

Historically, serotype 4 IPD cases declined 
across all ages after routine pneumococcal conju-
gate vaccine (PCV) use in children began in 2000 
(10). Since 2013, serotype 4 IPD cases in the western 
United States have increased among adults; clus-
ters of IPD cases were observed among persons 
experiencing homelessness and among adults with 
underlying conditions or risk factors, including 
injection drug use (8,9). The increase in serotype 
4 invasive IPD in the western United States has 
been associated with lineages ST10172, ST244, and 
ST695, with ST10172 identified as most prevalent 
(7). Recent CDC Active Bacterial Core surveillance 
data indicate a notable decline in the serotype 4/
ST695 prevalence since 2015 (CDC, unpub. data), 
largely supplanted by ST10172.

This outbreak response underscores continued 
risk for IPD outbreaks within correctional facilities, 
where close quarters and underlying risk factors for 
IPD (e.g., history of cigarette smoking or chronic med-
ical conditions) can be common (3,10,11). Although 
public health studies of correctional facilities are lim-
ited (12), the most recently described US correctional 
facility IPD outbreak occurred in an Alabama state 
prison in 2018 but was caused by serotype 12F (3). 

Conclusions
Assessing large, mobile populations, such as the 
population of the United States, for asymptomatic 
carriage of S. pneumoniae serotypes is difficult be-
cause of the large number of persons required to 

test; a study in Europe reported prevalence among 
adult men is ≈3.7% (13). Our report indicates sero-
type 4 IPD clusters are not geographically restricted 
to the western United States. Given the potential in-
creased risk in correctional facilities, coupled with 
the absence of documented pneumococcal vaccina-
tion among persons in this outbreak, officials might 
consider serotyping IPD to guide choice of vaccine 
in similar outbreaks.

In addition to work-release and movement re-
strictions, a primary public health intervention in this 
response was prophylactic vaccination with PPSV23. 
Antibiotic prophylaxis was not administered because 
determining close contacts for prophylaxis would 
have been logistically challenging and could have in-
cluded >200 incarcerated persons. Prophylactic vac-
cination with PPSV23 appeared successful; rollout 
was fast and covered the outbreak strain (serotype 4), 
and no cases were documented after vaccination in 
the correctional facility. Although conjugate vaccines 
(PCV15, PCV20, PCV21) are more immunogenic than 
polysaccharide vaccines (PPSV23), timely adminis-
tration of PPSV23 might have prevented additional 
serotype 4 IPD cases.

Without serotype results, public health offi-
cials might have opted to use PCV21, had it been 
available. Compared with other vaccines, PCV21 is 
thought to cover more circulating serotypes in the 
eastern United States, and surveillance data did not 
indicate a high probability of serotype 4 causing an 
outbreak in North Carolina (14). Serotyping may be 
obtained through state public health laboratories 
or CDC, subject to availability. Rapid serotyping of 
pneumococcal cases can inform vaccine selection in 
managing IPD within specific environments, includ-
ing correctional facilities.

Figure. Incidence of pneumococcal 
disease by day and case 
classification among patients in 
correctional facility, North Carolina, 
USA, June 14–July 30, 2024. 
Vertical dashed lines and labels 
denote key events during the public 
health investigation and response. 
PPSV23, 23-valent pneumococcal 
polysaccharide vaccine.
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For more than a century, the Entamoeba histolytica 
protozoan was considered the sole pathogenic 

amoeba to cause diarrhea, dysentery, and liver ab-
scess. Microscopy was once the diagnostic standard, 
but because of the morphologic similarity among Ent-
amoeba species, PCR is now recommended (1,2). Major 
morphologically identical species indistinguishable 
from E. histolytica include E. dispar, E. moshkovskii, and 
E. bangladeshi (3,4). This group of organisms (with E. 
nuttalli) is called the E. histolytica complex. Within 
this group, E. moshkovskii was historically regarded 
as nonpathogenic; however, emerging evidence sug-
gests potential pathogenicity (5–9). Reported preva-
lence of E. moshkovskii varies widely (≈1%–25%) 
across epidemiologic settings (5–10). 

In Bangladesh, one study reported a 21.1% in-
fection rate in children, whereas another reported a 
2.95% prevalence with an association to diarrhea in 
infants (8,11). Similarly, a 3-year surveillance study 
in eastern India identified a 3.12% prevalence among 
diarrheal patients, supporting its classification as an 
emerging pathogen rather than a nonpathogenic spe-
cies (5,6). In a murine model of intestinal amebiasis, E. 
moshkovskii was also found to cause diarrhea, weight 
loss, and colitis (8).

Emerging epidemiologic evidence suggests E. 
moshkovskii is a potential enteropathogen. We pres-
ent a clinically documented case of an extraintesti-
nal infection caused by E. moshkovskii that resulted 
in severe health complications in a patient from 
eastern India.

The Study
A 36-year-old man from Kolkata, in West Bengal, 
India, sought care in July 2024 for a 6-day history 
of intermittent fever, characterized by 1–2 spikes 
per day and a recorded high temperature of 102°F. 
The patient reported fever with malaise but no 
chills or rigors, along with a 5-day history of dull, 
continuous left upper quadrant abdominal pain 
that worsened with deep inspiration, sneezing, or 
when lying in the left lateral decubitus position. 
A slow-developing heavy feeling in the left up-
per abdomen, along with nausea, a bad taste in the 
mouth, and 1 episode of nonbilious vomiting, also 
occurred. The patient reported weight loss from 53 
kg to 47 kg over 4 weeks, despite preserved appe-
tite. In addition, he had a history of occasional non-
productive cough without wheezing, hemoptysis, 
or shortness of breath. The patient had a left-lobe 
hepatic abscess diagnosed in March 2023 in Kolkata 
and was treated empirically with intravenous in-
jection and oral metronidazole. The causative agent 
was not identified. The bad taste in the patient’s 
mouth was likely not related to the previous metro-
nidazole treatment, because he had not been on the 
medication in the previous 3 weeks. 

The patient was a cigarette smoker but had ab-
stained from alcohol for 4 years. On examination, 
his heart rate was 104 beats/min and blood pres-
sure 146/74 mmHg; oxygen saturation (98% room 
air) and respiratory rate (16 breaths/min) were un-
remarkable. Physical examination revealed pallor, 
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Entamoeba moshkovskii is historically considered non-
pathogenic. We report a case of severe extraintestinal 
infection in a patient from eastern India who had abdomi-
nal pain, fever, weight loss, anemia, and a splenic ab-
scess. Molecular analysis confirmed E. moshkovskii as 
the causative agent. This case highlights this parasite’s 
potential to cause severe illness.
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hepatomegaly (2 cm below right costal margin), 
splenomegaly (6 cm below left costal margin), and 
left upper quadrant tenderness. The patient had 
absent breath sounds over the left intercostal and 
subaxillary areas but showed no signs of cyanosis, 
clubbing, or lymphadenopathy. Neurologic exami-
nation results were unremarkable. Iron deficiency 
anemia was noted. Serologic testing revealed nega-
tive results for HIV, hepatitis B surface antigen, 
hepatitis C virus antibody, malarial parasite de-
tection antigen, and Brucella IgM and IgG. The pa-
tient also had a nonreactive Rose Bengal plate test 
and standard tube agglutination test for Brucella. A 
chest radiograph revealed an elevated left hemidia-
phragm and left pleural effusion. An abdominal ul-
trasound revealed hepatomegaly and a large splenic 
abscess (18 cm x 14 cm × 17 cm, 2000 mL) with mild 
subdiaphragmatic fluid. Contrast-enhanced com-
puted tomography of the chest and abdomen con-
firmed a collapsed left lower lobe and a splenic ab-
scess. The patient was managed with drainage and  
supportive care. 

Pleural fluid analysis with Gram and Ziehl-
Neelsen stains showed no microorganisms, and My-
cobacterium tuberculosis was not detected. The wet 
mount showed predominantly macrophages, erythro-
cytes, epithelial cells, and many protozoal structures 
resembling E. histolytica with erythrophagia (Figure 

1). However, splenic abscess aspirate did not reveal 
amoebae or amoeba-like structures. The direct smear 
revealed degenerated blood elements and necrosis, 
with no granuloma or malignant cells. We conducted 
additional characterization of the E. histolytica–like 
organism by using molecular methods.

We extracted DNA by using the QIAamp DNA 
Mini Kit (QIAGEN, https://www.qiagen.com). We 
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Figure 1. Microscopic view of Entamoeba moshkovskii trophozoites 
(arrowhead) observed in a pleural fluid sample recovered from a 
patient with an extraintestinal infection, eastern India. Slide used a 
wet-mount preparation. Scale bar indicates 30 µm.

Figure 2. PCR amplification of DNA from an extraintestinal Entamoeba moshkovskii infection in a patient from eastern India. A) PCR 
amplification of the 18S rRNA locus of E. moshkovskii using DNA extracted from a splenic aspirate. The expected product size is 779 
bp. B) PCR amplification of the chitinase locus of E. moshkovskii using DNA extracted from spleen aspirate samples. The expected 
product size is 480 bp. C) Amplification of the 18S rRNA locus of E. moshkovskii by PCR using DNA extracted from a stool sample. The 
expected product size is 779 bp. Lane 1, PCR product from patient sample; lane 2, positive control (E. moshkovskii genomic DNA); lane 
3, E. histolytica genomic DNA; lane 4, negative control.
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Figure 3. Phylogenetic trees constructed from the 18S rRNA and chitinase gene sequences obtained from Entamoeba moshkovskii 
isolates from a patient in eastern India (red circles) and reference sequences. A) Phylogenetic tree of 18S rRNA. The tree with the highest 
log-likelihood value (–2,562.32) is shown. Initial heuristic trees were generated automatically using the maximum parsimony approach. The 
model incorporated a proportion of invariant sites (45.63%). The analysis included 9 nucleotide sequences with 859 aligned positions in 
the final dataset. B) Phylogenetic tree of chitinase gene sequence. The tree with the highest log-likelihood value (−3,301.96) is presented. 
Initial heuristic searches were performed automatically using the maximum parsimony method. The final analysis included 20 nucleotide 
sequences, with a total of 939 positions in the final dataset. GenBank accession numbers are provided. Outgroup taxa are indicated with 
blue triangles. The phylogeny was inferred using the maximum likelihood method. Scale bars indicate substitutions per site.
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performed conventional PCR targeting the 18S rRNA 
gene on splenic aspirate and pleural fluid by using 
previously published species-specific primers for E. 
histolytica and E. moshkovskii (5,12). Both the splenic 
abscess aspirate and pleural fluid DNA tested nega-
tive for E. histolytica but positive for E. moshkovskii 
(Figure 2, panel A). To confirm the presence of E. 
moshkovskii, we targeted the chitinase gene for testing. 
We designed primer sequences to amplify the up-
stream and downstream regions of the chitinase open 
reading frame (Appendix Table, http://wwwnc. 
cdc.gov/EID/article/32/3/25-1065-App1.pdf). Both 
splenic abscess aspirate and pleural fluid samples 
again tested positive for E. moshkovskii when targeting 
the chitinase locus (Figure 2 panel B). We then puri-
fied the PCR products by using the Roche PCR Gel 
Extraction kit (Roche, https://www.roche.com) and 
sequenced bidirectionally with the BigDye Termina-
tor v3.1 kit (Thermo Fisher Scientific, https://www.
thermofisher.com). 

BLAST analysis (https://blast.ncbi.nlm.nih.gov) 
confirmed the organism as E. moshkovskii, showing 
100% identity to the reference Laredo strain (18S 
rRNA; GenBank accession no. AF149906.1). How-
ever, the chitinase gene corresponding to Amoe-
baDB (https://amoebadb.org/amoeba/app) entry 
EMO_056190 exhibited 3 mutations at positions 36 
T/C, 127 G/A, and *2 T/G. The mutation at posi-
tion 36 was synonymous, whereas the substitution 
at position 127 resulted in a nonsynonymous change, 
replacing glutamic acid with lysine. We constructed 
phylogenetic trees generated from the obtained 18S 
rRNA and chitinase gene sequences to confirm spe-
cies identity and evaluate evolutionary relationships 
(Figure 3, panels A, B).

Of note, PCR analysis of DNA isolated from the 
patient’s stool samples by using the 18S rRNA target-
ed assay detected the presence of E. moshkovskii and 
not E. histolytica (Figure 2, panel C). In addition, re-
sults of ELISA testing for E. histolytica–specific IgG in 
serum were negative. Taken together, those findings 
indicate that neither the hepatic abscess nor the splen-
ic abscess was associated with E. histolytica infection.

The patient was initially started on intravenous 
(IV) meropenem empirically. However, after confir-
mation of E. moshkovskii infection, we changed the 
treatment to IV metronidazole (750 mg IV/8 h for 1 
d), followed by oral metronidazole (400 mg 3×/d after 
food for 7 d). The patient was also prescribed ferrous 
sulfate 200 mg (1 dose by mouth), B-complex tablets, 
and other medications as needed. Pigtail drainage 
continued for the first week. The patient recovered 
after 3 weeks.

Conclusions
E. moshkovskii DNA alongside E. histolytica in 5 of 115 
liver abscess cases was previously reported; how-
ever, extraintestinal E. moshkovskii infection, particu-
larly in pleural fluid, is extremely rare (13). In the 
case we report, E. moshkovskii might have reached 
the pleural cavity through direct extension or rup-
ture of a splenic abscess.

Metronidazole is the primary drug for treat-
ing amoebiasis and was effective in this patient, 
showing empirical activity against E. moshkovskii 
(14). However, the optimal dosage for this species 
remains undefined. Drug sensitivity differs among 
Entamoeba spp.; for instance, E. moshkovskii is resis-
tant to emetine, which is effective against E. histolyti-
ca (15). Diagnosis is also challenging. Molecular tests 
often target only E. histolytica, leaving E. moshkovskii 
infections unrecognized. In addition, E. moshkovskii 
produces fewer cysts than E. histolytica, reducing the 
reliability of microscopic detection and increasing 
the risk for false negatives (5).

Because of the high regional prevalence of E. 
moshkovskii, extraintestinal infections caused by this 
species need attention. Our case underscores the 
need to better understand transmission and to de-
velop improved diagnostic methods to ensure ef-
fective management and prevent drug resistance in  
E. moshkovskii.
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Bats, including flying foxes, are natural reservoirs 
for a variety of viruses, many highly pathogenic 

in other species, including the henipaviruses Hendra 
virus (HeV) and Nipah virus (NiV). In Australia, HeV 
antibodies have been detected in all 4 species of Aus-
tralian flying foxes; however, the Australian black fly-
ing fox (Pteropus alecto) is the primary reservoir for 
the original HeV genotype 1 variant (HeVg1) (1,2). 
Spillover events occurring annually from flying foxes 
into horses pose a potential risk for subsequent trans-
mission to humans (1,2).

Government biosecurity authorities in Austra-
lia have recorded 90 outbreaks of HeV since 1994, 
when the virus was first identified, with HeV spill-
over events occurring predominantly during winter 
(June–August) (2). Research has also implicated nu-
trition and life history events, including the mating 
and birthing seasons, as imparting a higher risk of 
infection in Australian flying foxes (3). More recent 

findings have identified such environmental factors 
as habitat loss, droughts, and the scarcity of winter-
flowering plants as implicit in driving bats to relocate 
to agricultural and urban areas. In those settings, bats 
feed on suboptimal foods that are often in close prox-
imity to livestock, increasing the potential for spill-
over. In contrast, an abundance of winter flowers, 
which alleviate nutritional stress, appears to have a 
protective effect against HeV spillover (4).

We describe changes in HeV serology and infec-
tion status among a cohort of 20 P. alecto bats held 
in captivity in Queensland, Australia, and transport-
ed to The Australian Centre for Disease Prepared-
ness (ACDP) in Victoria, Australia. This study was 
approved by the ACDP animal ethics committee 
(ACDP22004).

The Study
We included in this study flying foxes submitted to 
bat rehabilitators because of minor injuries that were 
otherwise healthy but nonreleasable. The cohort was 
selected from 39 bats housed in outdoor rehabilitation 
enclosures in Queensland, separate from other bats 
and screened by an in-house Luminex indirect anti-
body assay as described previously (5) (Appendix Ta-
ble, https://wwwnc.cdc.gov/EID/article/32/3/25-
1350-App1.pdf). We selected 20 bats with the lowest 
HeV serostatus and best overall condition for trans-
port (12 seronegative, 8 low-positive). We charted 
the age and sex of the cohort (Table), which included 
15 adults (6 female, 9 male), 4 subadults (2 female, 
2 male), and 1 juvenile male bat. Tests revealed no 
viral RNA for known zoonotic viruses (HeVg1, HeV 
genotype 2 variant, Menangle virus, and Australian 
bat lyssavirus) in swab or urine specimens before 
transport, and HeV serostatus remained stable over 
3 sampling events for up to 6 months in captivity in 
Queensland. Three weeks after the final Queensland 
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We provide evidence for natural Hendra virus infec-
tions and associated serology in a cohort of Australian 
black flying foxes (Pteropus alecto) transferred from 
Queensland to the Australian Centre for Disease Pre-
paredness in Victoria, Australia. This study supports the 
likelihood that flying foxes undergo cycles of infection 
and reinfection and possibly recrudescence.



DISPATCHES

testing (April 2023), we transported the animals to 
ACDP in Victoria (Figure 1).

Samples collected 1 day after arrival at ACDP re-
vealed that 11 bats had seroconverted positive to HeV 
during the 3 weeks between testing in Queensland 
and transport, including 6 previously seronegative 

and 5 low-seropositive bats (Figure 2). Nine of the 11 
bats that had seroconverted to HeV according to the 
in-house Luminex assay also had neutralizing anti-
bodies to HeV, with virus neutralization test (VNT) 
titers ranging from 10 to 160 (Figure 2). Two bats test-
ed PCR-positive for HeVg1 RNA: 1 (bat R1) on day 1 
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Table. Sex, age, and location of origin of 20 bats included in study examining Hendra virus infections in captive Australian black flying 
foxes, Queensland, Australia* 
Flying fox ID Sex Age Location of origin Housing at ACDP 
1 M Adult Beaudesert BSL3Z 
2 M Subadult Beaudesert BSL3Z 
3 F Adult Beaudesert BSL4 
4 M Adult Beaudesert BSL4 
5 M Adult Logan Reserve BSL4 
6 M Adult Beaudesert BSL4 
7 M Adult Beaudesert BSL4 
8 F Subadult Beaudesert BSL4 
9 F Adult Beaudesert BSL3Z 
10 M Adult Beaudesert BSL3Z 
11 F Adult Logan Reserve BSL4 
12 M Subadult Beaudesert BSL4 
13 F Subadult Beaudesert BSL4 
14 M Adult Beaudesert BSL4 
15 F Adult Logan Reserve BSL4 
16 M Adult Beaudesert BSL4 
R-1 M Adult Beaudesert BSL3Z 
R-2 M Juvenile Beaudesert BSL3Z 
R-3 F Adult Beaudesert BSL3Z 
R-4 F Adult Beaudesert BSL3Z 
*After arrival at ACDP, flying foxes were either housed in a group aviary at BSL3Z or in individual cages in a BSL4 room. ACDP, Australian Centre for 
Disease Preparedness; BSL, Biosafety Level; ID, identification. 

 

Figure 1. Timeline of events from inclusion of flying foxes in Queensland through to housing at ACDP from study of natural HeV 
infections in captive Australian black flying foxes, Queensland, Australia. Bats were added to the study as they became available 
December 2022–February 2023 after entering the care of bat rehabilitators in Queensland due to injuries. Samples collected from bat 
4 at necropsy day 14 after arrival at ACDP included lung, liver, kidney, spleen, heart, ileum, large intestine, jejunum, salivary gland, 
retropharyngeal lymph node, submandibular lymph node, gonad, brain, cerebellum, urine, plasma, nasal wash, and oral and rectal 
swabs. Samples collected from individual bats are indicated on the timeline and included blood samples for serology and oral/rectal 
swab and urine samples for PCR. Urine was collected underneath individual cages for PCR testing on all days during the housing period 
at ACDP. ACDP, Australian Centre for Disease Preparedness; BSL, Biosafety Level; HeV, Hendra virus; HeVg1, HeV genotype 1 variant.
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postarrival in oral and rectal swab specimens (cycle 
threshold [Ct] = 33.9) and urine (Ct = 29) and 1 (bat 4) 
on day 8 in urine (Ct = 25). Both bats had already se-
roconverted in the 3 weeks between Queensland test-
ing and arrival at ACDP, with bat R1 increasing from 
low Luminex seropositivity to a VNT titer of 160, and 
bat 4 from seronegative to VNT titer of 10 (Figure 2). 
Urine collected from underneath individual cages 
tested negative for known zoonotic viruses, except 
for those from bat 4, which were HeVg1 positive from 
days 9–14 at ACDP.

Because of biosafety constraints, we collected no 
tissues from bat R1, which was housed in a Biosafety 
Level (BSL) 3 facility (BSL3Z). Bat 4, housed in a BSL-
4 facility (BSL4), had HeVg1 RNA detected at nec-
ropsy on day 14 in 2 of 14 tissues, the submandibular 
lymph node (Ct = 39.2) and spleen (Ct = 38.2), and in 
urine (Ct = 33). Virus isolation was unsuccessful from 
urine collected on arrival (bats R1 and 4) and from tis-
sues collected from bat 4 at necropsy. Histopathologic 
analysis of tissues from bat 4 revealed apparent con-
gestion of blood vessels throughout the lungs, as well 
as the expansion of perivascular tissues by edema. 
We also noted mild to moderate lymphoid follicular 
hyperplasia in bat 4, throughout lymphoid organs, 
but most pronounced in the spleen and mesenteric 
lymph nodes. No microscopic changes were evident 
in any other tissues. Viral antigen was only evident in 
isolated mononuclear cells scattered throughout the 
pulmonary interstitium (Figure 3).

Conclusions
This study provides evidence of natural HeV in-
fections and seroconversion in a captive cohort of 
P. alecto bats, including detection of active HeV 
infections in apparently naive bats and in those 
with evidence of previous infections. Viral repli-
cation in seropositive animals implies that flying 
foxes undergo cycles of infection and reinfection, 
and it is thus unlikely that prior infection leads 
to lifelong immunity in P. alecto bats. This finding 
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Figure 2. HeV serology of 20 
flying foxes following arrival at 
Australian Centre for Disease 
Preparedness (ACDP) for a 
study of natural Hendra virus 
infections in captive Australian 
black flying foxes, Queensland, 
Australia. Detection of 
antibodies against HeV sG by 
an in-house Luminex indirect 
antibody binding serology 
assay in 20 flying foxes 
monitored in Queensland in 
December 2022 and February 
2023 (black bars) and March 
2023 (dark gray bars) before 
transport and 1 day after arrival 
at ACDP (light gray bars). 
Luminex data displayed as 
bars (left y-axis) representing 
MFI. Virus neutralization tests 
shown as star symbols (right y-axis). Samples with MFI >1000 (dotted line) considered positive. MFI values classified as high (>10,000), 
medium (4,000–10,000), low (1,000–4,000), and negative (<1,000). Virus neutralization test results were performed only on samples 
collected 1 day after arrival at ACDP. Bat identification numbers are indicated on the x-axis. All Luminex serologic testing on samples 
collected in Queensland and ACDP were performed at ACDP on a Bioplex 200 Array system integrated with Bio-Plex Manager Software 
6.2 (Bio-Rad Laboratories, https://www.bio-rad.com). MFI, median fluorescence intensity.

Figure 3. Histopathology of lung from a naturally infected  
flying fox from a study of natural Hendra virus infections  
in captive Australian black flying foxes, Queensland, Australia. 
Immunohistochemistry of bat 4, left caudal lung lobe for  
Hendra virus (nucleocapsid protein) using a cross-reactive 
Nipah virus nucleocapsid polyclonal antisera showing  
scattered interstitial mononuclear cells with finely granular 
cytoplasmic immunolabelling (arrowhead). Original 
magnification ×200.
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contrasts nwith those for some other bat species, 
which appear to undergo higher rates of serocon-
version with immunity to reinfection even after 
antibodies have waned (6,7).

The timing of infection—within 3 weeks before 
transport—is consistent with exposure having oc-
curred in Queensland, either via exposure to HeV 
excretions from a wild bat outside the enclosure or 
because of recrudescence followed by horizontal 
transmission within the colony. Although evidence 
is insufficient to determine whether viral recrudes-
cence occurred in the bats we studied, increasing 
evidence suggests that henipaviruses may estab-
lish latency and persist in humans and bats (8–11). 
Experimentally infected P. alecto bats typically be-
gin shedding virus in throat and rectal swab speci-
mens 2–7 days postinfection and in urine 7–19 days 
postinfection. Experimentally, development of HeV-
neutralizing antibody has been inconsistent, but 
reports have noted low levels detected by 10 days 
postinfection (12–14). Thus, we speculate that the 2 
flying foxes shedding HeV after arrival were likely 
infected with HeV ≥1 week before transport. Bat R1, 
which tested PCR-positive in both oral/rectal swab 
and urine specimen, likely experienced an active 
HeV infection within 10 days before transport to 
ACDP and continued shedding HeV upon arrival. In 
contrast, bat 4 may have undergone an active infec-
tion in Queensland that resolved before transport. 
Because those 2 bats were housed in separate rooms 
at ACDP, it is possible that bat 4 was reinfected im-
mediately before transport or underwent viral recru-
descence at ACDP.

We detected HeV neutralizing antibodies in 9 
of the 11 seroconverted flying foxes upon arrival at 
ACDP; 3 had titers of 80 and 2 had titers of 160. Prior 
reports have revealed inconsistent antibody respons-
es in flying foxes experimentally infected with HeV, 
with around 50% seroconverting with neutralizing 
titers of 10–80 by 10 days after oronasal inoculation 
(14,15). Given the unknown infection histories of bats 
in our study, higher titers may reflect anamnestic re-
sponses to HeV infection or could allude to differenc-
es between natural and experimental infections. Fur-
ther studies will be required to determine the nature 
of antibody responses to infection and reinfections in 
flying foxes.

Our findings underscore the complexity of HeV 
maintenance in bat populations and highlight the 
need for further studies on immune dynamics, la-
tency, and environmental drivers of recrudescence. 
Those insights are critical for understanding spill-
over risk and informing public health strategies.
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etymologia revisited
Prototheca
[pro″to-the′kə]

From the Greek proto- (first) + thēkē (sheath), Prototheca is a genus of vari-
ably shaped spherical cells of achloric algae in the family Chlorellaceae. 

Wilhelm Krüger, a German expert in plant physiology and sugar produc-
tion, reported Prototheca microorganisms in 1894, shortly after spending 7 
years in Java studying sugarcane. He isolated Prototheca species from the 
sap of 3 tree species. Krüger named these organisms as P. moriformis and P. 
zopfii, the second name as a tribute to Friedrich Wilhelm Zopf, a renowned 
botanist, mycologist, and lichenologist.
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In 2019, author John Green visited Sierra Leone as 
a volunteer for Partners in Health, an international 

nonprofit organization, to learn about the maternal 
and neonatal healthcare system. While touring Lak-
ka Government Hospital in Freetown, Sierra Leone, 
Green met Henry Reider, a 17-year-old tuberculosis 
(TB) patient. Green at first mistook him for a child—
Henry’s stature had been stunted by drug-resistant 
TB. Green writes:

I figured Henry was someone’s kid—a doctor, 
maybe, or a nurse, or one of the cooking or 
cleaning staff. Everyone seemed to know 
him, and everyone stopped their work to say 
hello and rub his head or squeeze his hand. 
I was immediately charmed by Henry—he 
had some of the mannerisms of my son, the 
same paradoxical mixture of shyness and 
enthusiastic desire for connection.

The two struck up an acquaintance, and the re-
lationship opened up a world Green didn’t know 
existed. Everything is Tuberculosis, the book that grew 
out of Green’s experience with Henry, is part cultural 
history, part a meditation on friendship, and finally 
a call to action for effective and equally distributed 
treatment for this disease.

TB, Green writes, is one of the world’s oldest 
diseases; signs of infection have been detected in hu-
man fossil remains. Before the modern era, many TB 
patients literally wasted away, just like Henry. His-
torically, shifting names for TB have reflected cul-
tural attempts to characterize its devastating effects. 
The Chinese word was huifu (destroyed palace), in 
Hebrew the disease was described as schachepheth 
(wasting away), in Greek the name was pththisis (to 
decay), and in English “consumption” gained favor 
in the 1800s. Today, we take the name from the bacil-
lus that causes the disease, Mycobacterium tuberculo-
sis, identified and described by Robert Koch in 1882. 

TB progression can seem random; a person 
may have an active case, then quiescence, and then 
relapse into another bout of active symptoms.  

Beyond the biological challenges, Green describes how  
cultural attitudes, deep-seated biases, and commercial  
incentives continue to complicate global treatment 
and prevention efforts. 

After meeting Henry Reider and hearing his sto-
ry, the author began to understand the enormity and 
complexity of TB and the factors that contribute to its 
persistence. He had thought of the disease, he writes, 
as “a disease of 19th century poets,” but after becom-
ing acquainted with Henry, Green began to see TB as 
“… both a form and expression of injustice.”

Green notes that, in the 19th Century, the disease 
was strangely associated with fleeting youth and ge-
nius. Lord Byron famously remarked on his own pale 
appearance, wishing to die of consumption so wom-
en would find his “dying look” interesting. Poets like 
Keats called it a “delicious diligent disease,” and even 
Henry Gilbert’s 1842 medical treatise contained an 
ode to the “beauty of female consumptives,” describ-
ing a “rosy tint” on the cheeks that was actually the 
fever of a dying patient:

With step as noiseless as the summer air, 
Who comes in beautiful decay? Her eyes 
Dissolving with a feverish glow of light; 
————————————and on 
Her cheek a rosy tint, as if the tip
Of beauty’s finger faintly press’d it there: 
Alas! Consumption is her name. 

TB has been heavily stigmatized throughout his-
tory and continues to be so. Today, TB is often seen 
as a mark of disgrace because of its association with 
poverty, but it is also often associated with perceived 
choice and moral failures.

TB drugs are unavailable to many patients, es-
pecially in locations where healthcare is not as well 
supported, and the treatment requires long-term care 
involving many doses of antibiotics. In Sierra Leone, 
clinics are often some distance from towns and villages. 
The narratives notes, in places the drugs or the means 
to administer them are not there at all, and in dozens of 
countries, treatment either wasn’t available or reached 
patients only sporadically. “It was as if the cure did not 
exist—because the cure is where the disease is not, and 
the disease is where the cure is not,” Green writes. 

After learning Henry Reider’s story, Green re-
turned to the United States, where he found he 
“could not shut up about tuberculosis.” What he had 
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seen and heard profoundly changed him. He found  
himself unable to grasp the enormous reach of tuber-
culosis and explained the struggle this way:

The problem with statistics is that I cannot take 
in what it means to lose 1,250,000 people each 
year to a curable illness… That’s more than a 
hundred thousand people a month. But how 
do I conceptualize such statistics? I’ve been in 
a stadium with a hundred thousand people, 
but I didn’t know each of their families. I 
didn’t know about the people they’ve loved, 
the heartbreaks they’ve endured, their 
constraints and encouragements, their frailty 
and resilience. I simply cannot fathom what 
1,250,000 means.

The suffering that Henry Reider experienced—
because of poverty, geography, and his misfortune 
of contracting this disease—led Green to consider not 
only the injustice of his situation but how it could be 
counteracted. His conclusion, in this highly personal 
account, is this:

… when we know about suffering, when 
we are proximal to it, we are capable of 
extraordinary generosity. We can do and be 
so much for each other—but only when we 
see one another in our full humanity, not 
as statistics or problems, but as people who 
deserve to be alive in the world.

Everything is Tuberculosis is about friendship and 
how we can become changed—and charged—to pur-
sue solutions to problems. The book is a portrait of 
connection, in both large and small ways. Green’s 
portrait of Henry, and their developing closeness, 
drew him to the complex, colossal world of TB. He 
writes, “It’s only because I met Henry Reider in 2019 
that this book exists, and that I’ve found a hopefully 
good use for the curious megaphone I lucked into. TB 
has become the organizing principle of my profes-
sional life over the last 5 years.” 

The friendship Green forged with Henry serves 
as a model for how to move from statistics to ac-
tion. Green argues that global health often fails be-
cause we view patients as data points, or part of a 
cost–benefit analysis, rather than as people. This 
text quietly straddles intimacy and action, appealing  
to researchers and the general audience alike. Its 

personal focus makes the content accessible in ways 
that raise awareness of TB—a treatable, preventable 
disease—and the systemic issues that keep it from 
being resolved. Green shows us we all have a stake 
in this collective effort.

By the final pages, Henry Rieder has become 
a close friend—“He and I talk all the time now”—
leaving the reader to draw the connection that rec-
ognizing our shared humanity is what truly sustains 
progress in addressing the disease. Before closing 
the book, Green shows a picture of a beaming Re-
ider in black and white. Reider is resting his elbow 
on a camera tripod and holds his head while look-
ing at the reader. The men make videos, one in Si-
erra Leone and the other in the United States, their 
vision to overcome stigma created by geography 
and misunderstanding of the other, to ultimately 
address the pathogen that causes TB in the language 
microbes respect. As Green says,

Imagining someone as more than human 
does as much the same work as imagining 
them as less than human. The ill are treated 
as fundamentally “other” because the social 
order is frightened by what their frailty 
reveals about everyone else’s. 

In addition to M. tuberculosis, this other, Green 
says, is what we need to overcome.
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Novel influenza A viruses have pandemic poten-
tial, and early identification of infections in hu-

mans is crucial for rapid response and containment. 
Detection of human infection with a novel influenza 
A virus initiates response activities, including an-
tiviral postexposure prophylaxis for close contacts, 
symptom monitoring, and implementation of inter-
ventions to reduce transmission risk. In addition, 
timely clinical suspicion and early diagnosis of novel 
influenza A virus infections in humans are critical 
for optimizing clinical management: the Centers for 
Disease Control and Prevention recommend persons 

with suspected novel influenza A virus infection be 
promptly isolated, tested for influenza A viruses, and 
started on empiric antiviral treatment without wait-
ing for testing results (1).

The primary goal of sentinel surveillance for se-
vere acute respiratory infection (SARI) (2) is to detect 
trends in severe seasonal influenza and other respira-
tory viruses (3). Typically, surveillance sites are refer-
ral hospitals where a subset of patients meeting the 
SARI case definition (acute respiratory illness causing 
temperature >38°C and cough that has onset within 
the previous 10 days and requires hospitalization) (2) 
have respiratory specimens collected and tested for 
seasonal and (if negative) novel influenza A viruses. 
A reliably functioning SARI surveillance system for 
seasonal influenza also provides an infrastructure for 
detecting novel influenza A virus infections, includ-
ing rapid identification of severely ill patients, ship-
ping and testing of specimens, and reporting chains 
for response.

During February 2023–March 2025, a total of 19 
human cases of influenza A(H5N1) were identified in 
Cambodia. Nine (47%) of the 19 cases were detected 
by SARI surveillance; 3 (16%) additional cases that 
involved exposure to sick or dead poultry were iden-
tified by testing close contacts of those cases. Investi-
gations concluded that findings were most consistent 
with poultry-to-human transmission, although in 
some cases human-to-human transmission could not 
be completely ruled out. Of the remaining 7 identi-
fied cases, 6 (26%) were suspected by clinicians on the 
basis of patients’ history of exposure to sick or dead 
poultry, 1 (5%) was found through active case finding 
in response to one of those cases, and 1 (5%) was di-
agnosed by postmortem testing. Of the 19 H5N1 pa-
tients, 14 were <18 years of age; 7 pediatric cases were 
identified at SARI surveillance sites, and 3 of those 
7 were detected at the National Pediatric Hospital in 
Phnom Penh. A highly pathogenic avian influenza 
A(H5N1) virus isolated from 1 patient was selected 
as an influenza A(H5) vaccine candidate (4).

Compared with the 5 cases diagnosed by cli-
nicians, the 9 cases detected by SARI surveillance 
were diagnosed earlier (time from symptom onset 
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Of 19 human cases of avian influenza A(H5N1) virus 
infection detected during January 2023–March 2025 in 
Cambodia, 12 (63%) were detected directly by surveil-
lance for severe acute respiratory infection (SARI) or in-
directly by testing ill close contacts. SARI surveillance 
can supplement other surveillance sources for identifying 
H5N1 cases.

 
Table. SARI cases and influenza A and influenza A(H5N1) virus detections in humans, by surveillance site, Cambodia, January 2023–
March 2025* 

Detections 
Surveillance site 

Total AHC CCH KCH KPH KSH KVH NPH PKH SVH 
SARI cases  1,078 547 888 521 1,168 779 2,403 1,635 1,346 10,365 
Influenza A virus detections 62 87 67 49 141 103 201 119 94 923 
H5N1 virus detections 0 0 0 1 3 1 3 0 1 9 
*All patients with SARI were tested for influenza. AHC, Angkor Hospital for Children, Siem Reap, Cambodia; CCH, Chey Chum Nas Hospital, Ta Khmau, 
Cambodia; KCH, Kampong Cham Hospital, Kampong Cham, Cambodia; KPH, Kampot Hospital, Kampot, Cambodia; KSH, Khmer Soviet Hospital, 
Phnom Penh, Cambodia; KVH, Kirivong Hospital, Takeo Province; NPH, National Pediatric Hospital, Phnom Penh; PKH, Preah Kosomak Hospital, 
Phnom Penh; SARI, severe acute respiratory infection; SVH, Svay Rieng Hospital, Svay Rieng, Cambodia. 

 



	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 3, March 2026	 441

RESEARCH LETTERS

to diagnosis: median 6 [range 3–9] days vs. median 8 
[range 4–12] days) and treated with oseltamivir ear-
lier (time from symptom onset to initiation of treat-
ment: median 5 [range 2–7] days vs. median 7 [range 
4–12] days). Oseltamivir treatment of H5N1 patients 
is associated with survival when initiated within 2 
days of illness onset (5); however, most cases iden-
tified by SARI surveillance were identified much 
later. All but 1 of the 14 case-patients sought care 
at other healthcare facilities before seeking care at 
the hospital where they were diagnosed with influ-
enza A(H5N1), highlighting an urgent need for clini-
cian education to identify cases and start oseltamivir 
treatment as soon as possible.

SARI surveillance has limitations in detecting 
novel influenza A virus infections. Some novel influ-
enza A case-patients might not develop SARI, and 
others with SARI might seek care at a private clinic 
that may not have influenza testing. Because SARI 
surveillance tests a subset of eligible SARI patients 
and does not usually have national coverage, H5N1 
virus infections will be missed (6,7). SARI surveil-
lance systems are costly, detections of novel influ-
enza A viruses are rare (8)—in Cambodia, roughly 
1 H5N1 virus was detected per 1,100 SARI cases 
(Table)—and other forms of surveillance are effec-
tive for detecting novel influenza A infections. For 
example, clinician suspicion led to diagnosis of 5 
(25%) of 19 H5N1 cases in Cambodia during the 
study period. Thus, a combination of sentinel and 
event-based surveillance systems ideally should be 
used to detect novel influenza A viruses (9). Train-
ing clinicians at private clinics, outpatient settings, 
and nonsentinel site hospitals on the manifestations, 
diagnosis, and reporting of novel influenza A virus 
infections and expanding access to influenza testing, 
including for influenza A(H5) viruses, especially 
in areas with novel influenza A viruses circulating 
among poultry and other animals, is essential to im-
proving detection of human cases.

In conclusion, during February 2023–March 
2025, sentinel SARI surveillance in Cambodia direct-
ly or indirectly detected 63% (12/19) of human cases 
of influenza A(H5N1). To improve surveillance cov-
erage and decrease times from symptom onset to 
detection, countries should consider multilayered 
surveillance systems, including event-based surveil-
lance and educating clinicians on diagnosis of novel 
influenza A, especially in areas with high zoonotic 
transmission risk (10).
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Extrapulmonary nontuberculous mycobacte-
ria (ENTM) disease comprises a heterogeneous 

group of clinical manifestations, from benign cervi-
cal lymphadenitis in children to severe skin and soft 
tissue infections complicated by osteomyelitis (1–3). 
Many ENTM cases occur from nosocomial infections 
and in persons without predisposing conditions (4,5). 
Healthcare costs associated with pulmonary non-
tuberculous mycobacteria are well-described (6,7), 
but ENTM-associated costs remain unexplored. We 
estimated direct and indirect costs associated with 
ENTM disease in Denmark.

This nationwide study included all patients >18 
years of age with ENTM diagnosed during 2005–2017. 
We identified cases through the first occurrence of a 
nontuberculous mycobacteria diagnosis code (A31.1, 
A31.8, or A31.9) using the International Classifica-
tion of Diseases, 10th Revision (ICD-10). We defined 
cases by using a previously described approach (4) 
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/32/3/25-1548-App1.pdf) and matched each 
case to 4 randomly selected comparators of the same 
age, sex, marital/cohabitation status, and municipal-
ity of residence in the diagnosis year. 

We considered direct healthcare costs as expens-
es from primary care, prescription medications, and  

inpatient and outpatient secondary care. We estimated  
indirect costs by comparing employment income 
between case-patients and comparators, along with 
public benefits (unemployment benefits, social secu-
rity, sick pay, disability pensions, early retirement 
pensions, and age pensions) for persons 18–64 years 
of age. We obtained 2002–2020 patient and cost data 
from national health and income registries in Den-
mark (8). We applied a 2-step generalized linear mod-
el with a gamma distribution and log link to estimate 
annual costs for cases and comparators over the 3 
years before and after ENMT diagnosis. We incorpo-
rated mortality-adjusted weights to account for differ-
ential survival. Adjusted analyses included Charlson 
comorbidity index (CCI) on the basis of inpatient and 
outpatient ICD-10 diagnosis codes, and education 
level (9). We calculated costs in 2020 euros (€). We 
conducted analyses using Stata 16.1 (StataCorp LLC, 
https://www.stata.com) and SAS 9.4 (SAS Institute, 
Inc., https://www.sas.com) and generated visualiza-
tions in R version 4.2.3 (The R Project for Statistical 
Computing, https://www.r-project.org). 

We included 406 cases and 1,580 matched com-
parators with a median age of 57 (IQR 30) years; of 
cases, 60.1% (n = 244) were among men and 39.9% 
(n = 162) among women (Appendix Table 2). Case-
patients had lower education levels than compara-
tors (31.3% vs. 28.6% with primary education only) 
and were less often employed (37.7% vs. 47.8%) (both 
p<0.001). Although underlying conditions were more 
prevalent among case-patients, most had none re-
corded (Appendix Table 3).

Analyses showed total direct healthcare costs for 
cases increased sharply around the time of diagnosis 
(year 0), peaking at diagnosis and remaining higher 
than for comparators throughout follow-up (Figure 
1). Employment income was consistently lower for 
case-patients and declined in the 2 years preceding di-
agnosis. Public benefits increased substantially among 
case-patients, peaking around the time of diagnosis. 
Net costs (i.e., sum of direct costs and foregone earn-
ings) peaked in the year before diagnosis (€21,924; 95% 
CI €21,017–€22,861) and at diagnosis (€20,747; 95% CI 
€19,960–€21,550). After adjusting for CCI and education 
level, direct healthcare costs were 4.3 (95% CI 3.8–4.8) 
times higher in cases than in comparators in the diag-
nosis year (Figure 2). Outpatient costs were elevated the 
year before diagnosis (cost ratio 4.0 [95% CI 3.6–4.5]), 
whereas inpatient costs peaked at diagnosis (cost ratio 
6.9 [95% CI 6.2–7.7]) (Appendix Figure 1). Public ben-
efits, specifically sick pay, disability, and early retire-
ment pensions, rose substantially at diagnosis, and total 
public benefits were 1.4 (95% CI 1.2–1.6) times higher 

We estimated the direct and indirect costs associated 
with extrapulmonary nontuberculous mycobacteria 
(ENTM) disease in Denmark during 2005–2017. ENTM 
disease was associated with substantially higher health-
care costs, lower employment income, and increased 
public benefits before, around, and after diagnosis. Our 
findings highlight the substantial socioeconomic burden 
associated with ENTM disease.
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for case-patients than comparators in the diagnosis year 
(Appendix Figures 1, 2). Overall, ENTM cases incurred 
substantially higher direct and indirect costs than com-
parators, particularly in the peridiagnostic period. 

ENTM disease is clinically heterogeneous and of-
ten requires prolonged diagnostic workup and multi-
disciplinary care. Rising primary care and outpatient 
costs before diagnosis likely reflect diagnostic delays 
and repeated healthcare contacts, whereas inpatient 
and prescription drug costs around the time of diag-
nosis more plausibly reflect treatment-related care. 
The decline in employment income and rise in pub-
lic benefits before and around the time of diagnosis 

suggest substantial functional impairment. ENTM 
can occur as a device- or procedure-related infection, 
underscoring the need for procedural safety and in-
fection prevention (5). Those infections, together with 
the observed cost patterns, point to opportunities for 
cost reduction through earlier recognition.

Although baseline socioeconomic differences 
might contribute to the observed cost differences, 
matching on key demographic variables and adjust-
ing for education level and CCI partially addressed 
that concern, but we cannot exclude residual con-
founding. The nationwide design and registry data 
support the generalizability of findings to comparable  

Figure 1. Annual average costs before and after extrapulmonary nontuberculous mycobacterial disease diagnosis, Denmark, 2005–
2017. A) Total direct healthcare costs; B) employment income; C) total public benefits. Dotted vertical lines indicate year of diagnosis; 
solid center lines indicate average cost; shaded areas with borders indicate 95% CIs.

Figure 2. Cost ratios before and after extrapulmonary nontuberculous mycobacterial disease diagnosis, Denmark, 2005–2017. A) Total 
direct healthcare costs; B) employment income; C) total public benefits. Ratios adjusted for Charlson comorbidity index and educational 
level; values above 1 (dotted horizontal line) indicate higher costs for cases than comparators. Solid center lines indicate average cost; 
shaded areas with borders indicate 95% CIs.
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tax-funded healthcare systems. However, the study 
was limited by a lack of species-level microbiologi-
cal data and by an inability to separately quantify 
costs attributable to diagnostic workup, antimicrobial 
treatment, and surgical procedures.

In conclusion, ENTM was associated with sub-
stantial healthcare costs, reduced employment in-
come, and increased reliance on public support in 
Denmark. Those findings highlight the broader socio-
economic impacts associated with ENTM before and 
after diagnosis. Although ENTM disease is rare (2,3), 
the associated costs highlight the need for early diag-
nosis and effective management to reduce healthcare 
utilization and productivity losses.
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funded the study. The funders of the study had no role in 
study design, data collection, data analysis, data  
interpretation, or writing of the report.
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Oestrus ovis (Diptera: Oestridae), the sheep bot fly, 
is a cosmopolitan parasite of small ruminants, 

widespread in hot and dry regions, including coun-
tries bordering the Mediterranean Sea. Accidental hu-
man infestations by O. ovis flies have been reported 
from around the world (1,2). We report a case of hu-
man O. ovis nasal myiasis in which pupation occurred 
within the human host. The diagnosis was confirmed 
by molecular identification of the parasite using PCR 
followed by DNA sequencing.

The patient was a 58-year-old woman in Greece 
who worked outdoors on a Greek island, adjacent to 

a field with grazing sheep. It was September, during 
hot and dry weather, and she noticed numerous flies 
swarming around her face. Approximately 1 week 
later, she had onset of progressive maxillary pain, 
followed over the next 2–3 weeks by severe cough-
ing. She reported no other symptoms. On October 
15, she sought medical attention after she sneezed 
and “worms” started coming out of her nose. An  
otolaryngologist surgically removed 10 larvae of vari-
ous stages and 1 pupa from her maxillary sinus. She 
was treated with nasal decongestants and made a 
complete recovery. None of her co-workers reported 
similar symptoms.

We examined 2 of the larvae and part of a pupar-
ium (Figure). The puparium fragment was ≈10 mm 
long, black, and wrinkled and contained remnants 
of the pupa. One larva was yellowish, measured ≈15 
mm, and exhibited rows of spines ventrally, with 
a bare preanal bulge; its posterior peritremes were 
circular with a central button and no distinct su-
ture. The second larva measured ≈20 mm, was light 
brown, and displayed broad transverse blackish 
bands dorsally. On the basis of size and morphol-
ogy, we identified both larvae as third instar (L3)  
O. ovis bot fly.

We extracted genomic DNA from the pu-
pal casing by using DNAzol (Molecular Research 
Center, https://www.mrcgene.com) according to 
the manufacturer’s instructions. We amplified a 
392-bp fragment of the mitochondrial cytochrome 
c oxidase I gene and a 190-bp fragment of the ri-
bosomal DNA 28S gene, as previously described 
(3). Both PCR reactions produced specific bands 
at the expected sizes. We purified the products by 
using the GeneJet PCR Purification Kit (Thermo 
Fisher Scientific, https://www.thermofisher.com) 

We report a case of human Oestrus ovis nasal myia-
sis in Greece, in which pupation occurred within the 
human host. Ten larvae in various stages of develop-
ment and 1 puparium were expelled or extracted from 
the patient’s maxillary sinus. Diagnosis was confirmed 
through morphologic identification and by PCR, fol-
lowed by DNA sequencing.

Figure. Third instar Oestrus ovis larva and puparium retrieved from nasal sinuses of a 58-year-old female patient, Greece. A) The third 
instar was yellowish, with rows of spines on the ventral surface. B) The posterior peritremes were circular with a central button. C) The 
broken puparium was black and wrinkled and contained remnants of the pupa.
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and sequenced them (GENEWIZ, https://www.
genewiz.com). Sequencing results demonstrated 
100% identity of the amplified fragments with 
their corresponding GenBank sequences (acces-
sion no. KX268655.1 for cox1 and KP974974.1 for 
28S rDNA). We performed alignments by using the 
ClustaW function in BioEdit version 7.2.5 (https://
thalljiscience.github.io).

Myiasis can be classified ecologically as obliga-
tory (caused by larvae that require a living verte-
brate host), facultative (caused by free-living larvae 
that may opportunistically develop in hosts), and 
accidental (caused by free-living larvae, unable to 
complete their life cycle in a host). Anatomically, 
myiasis is categorized by affected site as sanguinivo-
rous, cutaneous (furuncular or migratory), wound, 
or cavitary (e.g., cerebral, aural, nasal, or ophthal-
momyiasis) (1).

The O. ovis life cycle within its natural hosts, 
sheep and goats, is well-documented. The female 
deposits first instar (L1) larvae into the animal’s nos-
trils, which migrate upward into the nasal passages 
and paranasal sinuses, where they feed, grow, and 
molt. They are expelled as third instar (L3) larvae, 
burrow into the soil, and pupate. O. ovis bot flies in-
frequently affect humans, most often depositing lar-
vae in the conjunctival sac and rarely into the nos-
trils, mouth, or external auditory meatus. The most 
common clinical manifestation is acute catarrhal 
conjunctivitis, typically preceded by the sudden sen-
sation of a foreign body (1). Until recently, it was be-
lieved that O. ovis larvae could not develop beyond 
the L1 stage in humans. In recent years, however, 
L2 (4) and L3 (5,6) larvae have been recovered from 
human case-patients, typically in the setting of im-
munosuppression or in patients with traumatic or 
anatomic abnormalities of the nasal passages. Of 
the 5 reported cases of O. ovis myiasis in travelers 
returning from Greece, 4 involved L1 (7–10) and 1 
involved L2 larvae (4).

The patient we report had a severely deviated 
nasal septum and appears to have been inoculated 
with a large larval burden. From a purely anatomic 
perspective, we hypothesize that the combination of 
high larval numbers and septum deviation impeded 
normal egress from the nasal passages, permitting 
progression to the L3 stage and, in 1 instance, pupa-
tion. Of note, L3 larvae that become trapped within the 
sinuses of animals are not known to pupate; instead, 
they desiccate, liquefy, or calcify, with occasional 
bacterial superinfection. Pupation of O. ovis larvae 
within any mammalian host is considered biologi-
cally implausible. The paranasal sinus environment  

does not meet temperature and humidity require-
ments for pupation, and host secretions, immune 
responses, and resident microbiota create a hostile 
milieu for pupal development. In our patient, un-
identified anatomic or physiologic factors within 
the paranasal sinuses, probably including her severe 
septum deviation, apparently permitted pupation. 
Alternatively, this case may represent an early indi-
cation of evolutionary adaptation, enabling O. ovis 
parasites to complete their life cycle in humans. In 
either scenario, additional cases and data are need-
ed to understand this phenomenon, but clinicians 
should be aware of the potential for human bot fly 
infections in endemic areas.
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Crimean-Congo hemorrhagic fever (CCHF) is a 
tickborne viral disease that is endemic to sub-

Saharan Africa and has a widespread global distri-
bution (1). CCHF virus (CCHFV) belongs to the Or-
thonairovirus genus, in the Nairoviridae family of the 
Bunyaviridae order (2). Hyalomma spp. ticks transmit 
CCHFV through bites, but the virus also can be trans-
mitted to humans via contact with infected blood (1). 
During outbreaks, case-fatality rates can be as high as 
60%, and the incubation period is ≈1–6 days, depend-
ing on the transmission route. Infections are charac-
terized by a wide range of symptoms, including but 
not limited to nonspecific fever, myalgia, headache, 
diarrhea, nausea, and vomiting (3). 

In the Democratic Republic of the Congo (DRC), 
reported cases have been limited to 2 zoonotic trans-
missions since 1956 (4,5). Even so, CCHF cases are 
likely undetected because of limited surveillance in 
the country. Furthermore, no serologic evaluation in 
humans has been reported from DRC. To shed light 
on CCHFV prevalence in the country, we examined 
blood samples taken from a pygmy hunter-gatherer 
population in Watsa, in northeastern DRC, a popula-
tion that has frequent contact with wildlife (6). We re-
cruited 300 participants from 39 different settlements, 
150 men and 150 women, whose mean age was 32.2 
(SD +14.6) years. Study participants were invited to 
the study site, where they received informed consent 
before we administered a questionnaire and collected 
blood samples. We used a database previously gen-
erated as part of a Marburg hemorrhagic fever virus 
seroprevalence investigation (7) (Appendix, https://
wwwnc.cdc.gov/EID/article/32/3/25-1171-App1.
pdf) to record interview responses and find evidence 
of CCHFV circulating within the region. 

Using an ELISA assay, we observed a 4% (n = 12) 
IgG seroprevalence. Most (83.3%, n = 10) of those pos-
itive were female; only 2 men were seropositive (odds 
ratio [OR] = 5.286; p = 0.035). We noted no significant 
difference in age between the seropositive and sero-
negative population, and the mean age of seroposi-
tive participants did not deviate from mean age of the 
study population (Table).

Our investigation questionnaire did not ask 
whether volunteers were involved in farming. Because 
pygmies’ subsistence activities do not include farming 
(6), seropositive donors more likely encountered viral 
vectors in the forest during traditional hunter-gatherer 
activities. Sociologically, male members of the com-
munity are predominantly expected to hunt, bringing 
home carcasses to be butchered by female members. 
Among participants, 60% stated they practiced hunt-
ing as their primary means of subsistence; the other 

We evaluated human Crimean-Congo hemorrhagic fever 
virus (CCHFV) seroprevalence in hunter-gatherer popu-
lations of northeastern Democratic Republic of the Con-
go. We tested blood from 300 participants for CCHFV 
antibodies; 4% were CCHFV-positive. CCHFV likely has 
been circulating undetected in the country, indicating the 
need for a more robust surveillance system.



40% performed other, unspecified, activities. In con-
trast to our expectations, nonhunting participants had 
a higher probability for seropositivity than hunting 
participants (Table; Appendix Table 1). 

Because most seropositive participants were 
women who did not routinely hunt, and considering 
the lifestyle of pygmy populations, we speculate that 
gathering food or butchering carcasses constituted 
greater CCHFV risk factors (1). However, we cannot 
exclude the possibility that the nonhunting seroposi-
tive female members also undertook farming activi-
ties for additional subsistence. Nevertheless, data 
suggest the possibility that nonfarming activities in 
the forest could expose humans to CCHFV tick vec-
tors, either through direct interaction in the bushes or 
via wild animals harboring ticks (8–10).

To help clarify the risk mediated by exposure via 
wild animals, we asked participants about animal 
contacts. Rats, bats, monkeys, and other animals in the 
area are known to carry ticks responsible for CCHFV 
transmission (8–10). We asked participants whether 
they touched, ate, or had been bitten by animals; 72% 
reported encountering rodents (particularly rats), 
74.7% encountered bats, and 91% encountered mon-
keys. Although all 12 seropositive participants con-
firmed previous contact with monkeys, we did not 
have sufficient elements to statistically confirm that 
association (OR = 0; p = 0.610) (Table).

Of the 12 seropositive participants, 6 (50%) re-
ported previously having hemorrhagic fever (HF) 
symptoms; however, we found no significant cor-
relation between seropositivity and HF symptoms 
(OR = 0.834; p = 0.776). In addition, we found no cor-
relation between seropositivity and direct or indirect 
contact with another HF patient or a dead body (Ap-
pendix Table 2). That finding supports the possibility 
that CCHFV seroprevalence and transmission was 

not through direct or indirect human contact within 
this community, but rather through zoonotic trans-
mission, further supported by the established cor-
relation between reported subsistence activities and 
seropositivity (Table).

In conclusion, we documented serologic evidence 
of CCHF in DRC hunter-gatherer populations, indi-
cating that the disease has been circulating unde-
tected in the country. The lack of previously reported 
cases is probably the consequence of a nonexistent 
surveillance system. In addition, the lack of specific 
diagnostic tools in DRC is a challenge to understand-
ing the epidemiology of the disease. Our findings 
highlight the need for greater scrutiny into risk fac-
tors of CCHFV exposure, particularly among popula-
tions exposed to wildlife as part of their lifestyles and 
in regions with diverse human population groups 
and cultures.
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Table. Characteristics of subjects in a study of CCHFV seroprevalence among hunter-gatherers, northeastern Democratic Republic of 
the Congo * 

Characteristics 
CCHFV serology, no. (%) 

p value OR (95% CI) Total, n = 300 Negative, n = 288 Positive, n = 12 
Sex      
 M 150 (50) 148 (51.4) 2 (16.7) 

  

 F 150 (50) 140 (48.6) 10 (83.3) 0.035 5.286 (1.138–24.549) 
Mean age, y +SD 32.2 +14.6 32.3 +14.5 29.9 +17.5 0.649† 0.988 (0.948–1.031) 
Professional activity      
 Hunting 180 (60) 178 (61.8) 2 (16.7) 0.004 8.091 (1.740–37.616) 
 Other/not described 120 (40) 110 (38.2) 10 (83.3)   
Animal contact‡       
 Rat 216 (72.0) 209 (72.6) 7 (58.3) 0.282 1.890 (0.583–6.128) 
 Bat 224 (74.7) 215 (74.7) 9 (75) 0.978 0.982 (0.259–3.724) 
 Monkey 273 (91.0) 261 (90.6) 12 (100) 0.610 0 (0–0.018) 
*p value calculated by Fisher exact test, except as indicated. CCHFV, Crimean-Congo hemorrhagic fever virus; OR, odds ratio. 
†p value calculated by Student t-test. 
‡>1 animal exposure type possible. 
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In France, multidrug-resistant tuberculosis (TB) rep-
resents <3% of all notified TB cases annually; vari-

able case counts ranged from 44 cases in 2021 to 110 
in 2014. The World Health Organization defines ex-
tensively drug-resistant TB (XDR TB) by resistance 
to rifampin, isoniazid, and fluoroquinolones in addi-
tion to bedaquiline or linezolid, representing the most 
difficult-to-treat forms of the disease. Tumor necrosis  
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We report occupational transmission of extensively drug-
resistant tuberculosis (TB) to a healthcare worker in France 
receiving tumor necrosis factor α inhibitor therapy. Despite 
airborne precautions, the healthcare worker contracted TB 
working in a high-risk unit. This case underscores that im-
munocompromised healthcare workers should not be as-
signed to frontline TB care in high-risk settings.



factor α (TNF-α) inhibitors (e.g., infliximab, adalimum-
ab) disrupt granuloma integrity and increase the risk 
for latent TB reactivation or new infection by up to 25-
fold (1). We report a case of occupational transmission 
of XDR TB to a healthcare worker in France receiving 
TNF-α inhibitor therapy, despite airborne precautions.

In December 2023, a 57-year-old woman sought 
care after experiencing several weeks of fatigue. 
Her medical history included ankylosing spondy-
litis treated by the TNF-α inhibitor adalimumab 
since 2017. Pretherapeutic QuantiFERON (QIAGEN, 
https://www.qiagen.com) testing was negative, and 
she had no personal history of TB or prior exposure. 
Since 2020, she had worked as a nursing assistant in 
an infectious diseases department. 

Computed tomography revealed hypermetabo-
lism of right upper lobe alveolar consolidation (Fig-
ure 1).  Because of the absence of sputum production, 
bronchoscopy with culture was performed. An acid-
fast bacilli smear result was negative, but Xpert MTB/
RIF Ultra (Cepheid, https://www.cepheid.com) test-
ing detected rifampin-resistant M. tuberculosis. Occu-
pational TB transmission was assumed.

The bronchoscopy culture was positive and sent 
to the French National Reference Center for Myco-
bacteria (Nice, France), where we conducted targeted 
next-generation sequencing by using Deeplex Myc-
TB (Illumina, https://www.illumina.com), whole-
genome sequencing analysis (Illumina), and pheno-
typic drug susceptibility testing. Genotypic analysis 
revealed resistance to 7 drugs, including rifampin, 
isoniazid, fluoroquinolones, and an insertion in the 
rv0678 gene resulting in a frameshift associated with 
bedaquiline and clofazimine resistance. Phenotypic 
susceptibility testing confirmed genotypic resistance 
to bedaquiline and clofazimine (MICs >2 mg/L) but 
susceptibility to aminoglycosides, delamanid, line-
zolid, and cycloserine, confirming XDR TB. 

Before susceptibility test results were available, 
we started the patient on bedaquiline (400 mg 1×/d 
for 2 weeks, followed by 200 mg 3×/wk), linezolid 
(600 mg/d), delamanid (100 mg 2×/d), cycloserine 

(500 mg/d), and amikacin (10 mg/kg/d) for the first 
3 months. Bedaquiline was maintained in the treat-
ment protocol because rv0678 mutations usually con-
fer low-level MIC increases, and a negative effect on 
treatment outcome is unconfirmed (2). Cultures were 
identified within 1 month. The patient completed 
13 months of treatment (1 year after identification) 
and remained clinically well with stable imaging at 
6 months posttreatment. After a multidisciplinary 
provider discussion to balance rheumatologic needs 
and infectious disease risk, TNF-α inhibitor therapy 
was resumed after 3 months of treatment, clinical im-
provement, and documented culture identification.

A review of department cases discovered a 
smear-positive cavitary XDR TB patient hospital-
ized 3 months earlier. Whole-genome comparison 
confirmed both isolates were identical (0 single-nu-
cleotide polymorphism difference). The index patient 
was isolated with airborne precautions, including 
filtering face piece class 2 mask use by all staff, but 
he was autonomous, and mask compliance outside 
direct care activities could not be ensured. He stayed 
10 days before he was transferred to another hospital 
without treatment. During that period, the patient we 
describe provided routine close-contact care, during 
which exposure might have occurred.

TNF-α inhibitors have greatly improved out-
comes in chronic inflammatory diseases (1,3). Pre-
treatment screening for active TB or latent TB is stan-
dard practice (4,5), but infection can still occur after 
treatment initiation (4).

In France, nosocomial TB transmission among 
healthcare workers has decreased because of declin-
ing TB incidence and stringent airborne precautions 
(5). Nevertheless, departments regularly managing 
TB patients remain high-risk areas (6). Among pa-
tients receiving TNF-α inhibitors for irritable bowel 
disease, 44 TB cases were reported, including 6 (14%) 
in healthcare workers (7). Another publication de-
termined that healthcare workers receiving TNF-α 
inhibitors for irritable bowel disease do not have in-
creased risk for infections except for TB (8). Our case 
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Figure. Computed tomography 
scans of a healthcare workers 
with occupationally transmitted 
extensively drug-resistant 
tuberculosis, France. Scan 
revealed hypermetabolism 
(standardized update value 9.1) 
of the right upper lobe alveolar 
consolidation, indicated by 
white arrows.



confirms this occupational susceptibility in high-ex-
posure environments.

A healthcare worker receiving TNF-α inhibitors 
who contracted TB despite minimal contact was previ-
ously reported (9). Genotyping confirmed transmission 
from a TB patient, suggesting that even brief or indirect 
exposure might be sufficient for infection under immu-
nosuppressive conditions (9). Similar to our case, de-
spite routine infection control measures, exposure to a 
cavitary XDR TB patient led to transmission. Infection 
prevention protocols in France are extensive but might 
not be sufficient for immunosuppressed staff in a TB 
high-risk unit, especially before efficient treatment is 
initiated when drug-resistant TB is involved (10).

After this event, hospital policy was revised. 
Newly hired staff already receiving TNF-α therapy 
will no longer be assigned to pulmonology, infectious 
diseases, or emergency departments. Current staff in 
those departments that are beginning TNF-α inhibitors 
will be offered reassignment. The occupational health 
revisions reflect a local institutional policy change; fur-
ther studies will be needed before national or interna-
tional recommendations can be proposed.

Our case demonstrates confirmed occupational 
transmission of XDR TB to an immunocompromised 
healthcare worker despite airborne precautions. Our 
findings underscore the vulnerability of immunosup-
pressed healthcare workers and support the need to 
reconsider their assignment to frontline TB care in 
high-risk departments.

The patient gave her written informed consent to the  
publication of case details.

Whole-genome data are available in the National  
Center for Biotechnology Information Sequence Read  
Archive (https://www.ncbi.nlm.nih.gov/sra; BioProject 
no. PRJNA1345252, accession nos. SRR35790521 and 
SRR35790522).
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Mycobacterial infections are a major public health 
concern and pose a continued threat to human 

health. The incidence and prevalence of nontubercu-
losis mycobacteria (NTM) infections are on the rise in 
certain regions and might surpass the rates of tubercu-
losis (1). In southeastern coastal China, the Mycobacte-
rium avium complex, particularly M. intracellulare, pre-
dominates, followed by rapidly growing mycobacteria 
such as the M. abscessus complex. M. kansasii has been 
reported in some coastal cities (2). The relatively high 
NTM case count might be associated with warm cli-
mates, urban water systems, and improved laboratory 
detection (3–5). We report a case of cutaneous infection 
in Jiangsu Province, China, caused by an uncharacter-
ized Mycobacterium strain, for which we propose the 
name Mycobacterium nanjing sp. nov.

In 2025, an 86-year-old man was admitted to the 
outpatient department with a subcutaneous nodule 
on his left palm. The patient reported the nodule ap-
peared 1 month earlier after a minor penetrating trau-
ma to the left palm caused by a wooden splinter dur-
ing carpentry work. Physical examination revealed 2 
red subcutaneous nodules on the left hand, 1 in the 
palm and 1 on the back of the hand, each measuring 
0.5 cm (Figure). Laboratory tests revealed a reduced 
erythrocyte count of 3.82 × 109 cells/L (reference 
range 4.3–5.8 × 1012 cells/L) and hemoglobin of 117 
g/L (reference range 130–175 g/L). Serologic tests for 
syphilis, HIV, hepatitis B and C viruses, and tubercu-
losis were all negative. 

Color doppler ultrasound revealed 3 hypoechoic 
masses in the dermis and subcutaneous fat layer of 

the left palm and back of hand lesions. The larger 
mass was in the palm, with uneven echo in the inner 
part, irregular shape, approximately 2.25 × 1.17 cm 
in size, approximately 0.93 cm in thickness, unclear 
boundary, no capsule, and enhanced echo in the sur-
rounding soft tissue. Abundant blood flow was seen 
in and around the masses. 

Histopathologic examination revealed hyperpla-
sia of the epidermis and lymphocyte-dominated in-
flammatory cell infiltration in the superficial dermis. 
We conducted PCR testing on skin specimens by us-
ing common mycobacterial primers and cultured the 
samples on Löwenstein–Jensen slants. All PCRs in-
cluded a no-template negative control that remained 
amplification-free. Direct PCR results were inconclu-
sive. After 15 days of incubation at 37°C, we observed 
light yellow colonies on modified Löwenstein–Jensen 
medium slants (Figure). The organism was photo-
chromogenic with a smooth appearance and slow 
growth rate.

We extracted DNA from the colonies for PCR 
analysis and aligned the sequences by using BLAST 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) for species 
identification. The partial sequence of the hsp65 gene 
(736-bp) shared greatest similarity with Mycolicibacte-
rium gilvum Spyr1 (95.18%), and the rpoB gene (435-
bp) shared greatest similarity with Mycolicibacterium 
vanbaalenii strain L1I3 (97.30%). On the basis of those 
results, we propose this strain might be a new mem-
ber of the Mycobacterium genus.

For precise pathogen species identification, we 
subjected the patient isolate, ZZG, to whole-ge-
nome sequencing on the DNBSEQ platform (MGI, 
https://mgi-tech.eu) at the Beijing Genomics Insti-
tute (Shenzhen, China), yielding 1,177 Mb of data 
at 195× depth. Whole-genome sequencing yielded 
a genome assembly of 5.75 Mb (6,029,915 bp) for 
isolate ZZG, with an overall GC content of 67.87%. 
We submitted the whole genome to the type strain 
genome server (https://tygs.dsmz.de) to evaluate 
digital DNA-DNA hybridization with all available 
mycobacterial genomes (Table). The result suggests 
this strain is closest to M. vaccae (ATCC no. 15483). 
The digital DNA-DNA hybridization value is 28.9% 
and was calculated by using the genome-to-genome 
distance calculator formula, which is far from the 
threshold value for species delineation (70%). For 
phylogenetic analysis, the 5 species most closely re-
lated to isolate ZZG identified by the Type Strain 
Genome Server were involved; M. marinum (ATCC 
no. 927) was the outgroup. We constructed a phy-
logenetic tree from core genes by using RAxML 
(https://github.com/amkozlov/raxml-ng) under 
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We report a case of a cutaneous infection in an immuno-
competent person in China caused by an uncharacter-
ized Mycobacterium strain. The patient isolate was iden-
tified as a novel species by whole-genome sequencing. 
We propose Mycobacterium nanjing sp. nov. as the name 
for this new species.



the general time-reversible plus invariable site plus 
discrete Gamma model with 1,000 bootstrap rep-
licates, which demonstrated that strain ZZG was 
a distinct monophyletic clade, independent of its 
closest relatives (Appendix Figure, http://wwwnc.
cdc.gov/EID/article/32/3/25-2001-App1.pdf). We 
propose Mycobacterium nanjing sp. nov. as the name 
for this potential new species.

We initially treated the patient with moxifloxa-
cin (400 mg 1×/d), and clarithromycin (250 mg 2×/d) 
for 14 days. Antimicrobial drug susceptibility test-
ing then revealed susceptibility to meropenem, li-
nezolid, ciprofloxacin, moxifloxacin, tobramycin, 
minocycline, trimethoprim/sulfamethoxazole, dox-
ycycline, amikacin, and rifabutin but resistance to 
rifampin and amoxicillin. We prescribed a roxithro-
mycin regimen (150 mg 2×/d) for the patient on the 
basis of those results.

In summary, we isolated a distinct Mycobacteri-
um species from a patient with a cutaneous infection. 
We propose the name Mycobacterium nanjing sp. nov. 
for this species. M. nanjing can cause disease in im-
munocompetent patients and shows susceptibility to 
multiple antimicrobial drugs. Despite the advantages 
of direct molecular detection in sensitivity and con-
venience, culture remains the standard and an indis-
pensable component of a complementary diagnostic 
strategy, particularly for emerging mycobacterial spe-
cies. The combination of surgical resolutions with anti-
microbial therapy could be a good option for patients 
with Mycobacterium–caused cutaneous infections.

This whole-genome project has been deposited at the  
DNA Data Bank of Japan, the European Nucleotide  
Archive, and GenBank (accession nos. JBTBFV000000000 
and JBTBFV010000000). 

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 3, March 2026	 453

RESEARCH LETTERS

Figure. Novel cutaneous Mycobacterium infection in an 86-year-old man in China. A, B) Subcutaneous nodules on the left hand of the 
patient. C) Mycobacterium colonies grown on modified Löwenstein–Jensen medium slants.

 
Table. Genomic relatedness of novel strain ZZG recovered from patient with cutaneous Mycobacterium infection to closely related 
Mycobacterium species, China* 
Subject strain dDDH (95% CI), %† G+C content difference 
M. vaccae ATCC 15483 28.9 (26.5–31.4) 0.71 
M. vanbaalenii PYR-1 28.4 (26.1–30.9) 0.08 
M. austroafricanum DSM 44191 28.2 (25.9–30.7) 0.19 
M. parafortuitum CCUG 20999 24.8 (22.5–27.3) 0.66 
M. gilvum NCTC 10742 24.4 (22.1–26.9) 0.23 
M. rufum DSM 45406 23.7 (21.4–26.1) 1.37 
*dDDH, digital DNA-DNA hybridization. 
†Calculated using the genome-to-genome distance calculation formula. 
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Environmentally acquired infections caused by 
rare molds are a growing public health concern 

because of potential disease severity, rising numbers 
of susceptible immunocompromised persons, and 
changes to the natural environment that are shifting 
fungal disease epidemiology (1,2). Paraconiothyrium 
cyclothyrioides, a Coelomycete, is an environmental 
mold found on plants and in soil (3). Seven cases of 
human P. cyclothyrioides infection have been reported, 
most cutaneous (3–9). The incidence of P. cyclothy-
rioides and other rare mold infections might be un-
derestimated, however, because routine laboratory 
methods often cannot identify them or classify them 
as contaminants. Reliable identification usually re-
quires molecular diagnostics that are not commonly 
performed. Thus, data to inform clinical recognition, 
treatment, and future surveillance efforts are sparse. 
We present a case of cutaneous P. cyclothyrioides infec-
tion in a lung transplant recipient in Georgia, USA, 
identified through Centers for Disease Control and 
Prevention’s Emerging Infections Program (EIP) in-
vasive mold diseases surveillance system.

The EIP is a collaborative effort among public 
health agencies, healthcare providers, and academic 

454	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 3, March 2026

RESEARCH LETTERS

We report a cutaneous infection caused by Paraconio-
thyrium cyclothyrioides, a rare environmental mold, in a 
lung transplant recipient in Georgia, USA. The infection 
resolved with posaconazole after substantial diagnostic 
delays and related side effects. This case underscores 
the need for improved clinical awareness, diagnostic 
testing, treatments, and surveillance for such infections.



institutions aimed at enhancing public health capac-
ity to address emerging infectious threats (https://
www.cdc.gov/emerging-infections-program/php/
about/index.html). The EIP invasive mold diseases 
team in Georgia conducts active, sentinel, laboratory-
based surveillance at Atlanta-area healthcare facili-
ties using a standardized case report form to collect 
patients’ data from electronic medical records. Geor-
gia EIP surveillance activities were approved by the 
Institutional Review Board, granting a consent and 
HIPAA waiver.

A 67-year-old man underwent unilateral lung 
transplantation for idiopathic pulmonary fibrosis. He 
received basiliximab for induction immunosuppres-
sion and a regimen of mycophenolate mofetil, tacro-
limus, and prednisone for maintenance immunosup-
pression. At time of transplantation, after isolation of 
Aspergillus niger from the donor airway, physicians 
treated the patient with inhaled amphotericin B and 
oral posaconazole. The patient experienced acute cel-
lular rejection ≈9 months posttransplantation, which 
physicians treated with thymoglobulin. Thereafter, 
the patient completed a 16-month course of posacon-
azole, ending treatment because of fatigue. Physi-
cians identified environmental molds Penicillium and 
Fonsecaea species in separate bronchoalveolar lavage 
cultures shortly after the patient completed posacon-
azole treatment but did not administer treatment, 
considering both to be contaminants.

Twenty-eight months after the transplant (1 year 
after completing posaconazole), the patient noticed a 
nodule on his shin. He visited a dermatology clinic 4 
months later for 2 verrucous pink nodules on his right 
shin. Skin biopsies done for histopathology and cul-
ture showed polymorphic dematiaceous hyphal ele-

ments not further speciated, and clinicians initiated 
no treatment at that first visit. The patient gained re-
ferral to an academic dermatology clinic and sought 
treatment there 3 months later. His lesions had not 
substantially spread or evolved (Figure 1). Clinicians 
submitted another tissue biopsy for culture and his-
topathology. Histopathologic examination revealed 
numerous polymorphic forms within the superficial 
dermis, with overlying epidermal pseudoepithelio-
matous hyperplasia (Figure 2).

Pending species identification, and under the 
supervision of an infectious diseases physician, the 
patient began oral posaconazole treatment. Treating 
physicians initially prescribed isavuconazole, but the 
treatment was cost prohibitive. The patient achieved 
therapeutic posaconazole levels (trough 1.8 µg/
mL) and, after 6 weeks of treatment, the skin lesions 
healed, leaving 2 residual scars. His treatment course 
was complicated by tremor and insomnia related to 
drug-drug interactions between posaconazole and ta-
crolimus, despite appropriate tacrolimus dose reduc-
tion. Posaconazole was discontinued after 6 weeks, 
with clinical resolution.

Technicians ultimately identified dematiaceous 
mold from the patient’s culture, initially speciated by 
a reference laboratory as Phanerochaete species. Two 
months after the specimen was collected (8 months 
after the lesions first appeared and after treatment 
completion), DNA sequencing analysis revealed the 
mold to be P. cyclothyrioides. The isolate was unavail-
able for antifungal drug susceptibility testing.

This case of cutaneous P. cyclothyrioides in a lung 
transplant recipient highlights the pathogen as a po-
tential cause of chronic, indolent skin infections in 
immunocompromised persons. Biopsy and culture 
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Figure 1. Scaly and crusted pink verrucous nodules clustered on right shin of lung transplant recipient with cutaneous Paraconiothyrium 
cyclothyrioides infection, Georgia, USA.



are essential for diagnosing cutaneous infections in 
immunocompromised patients, and DNA sequenc-
ing is required to identify P. cyclothyrioides. Prompt 
referral to an infectious diseases specialist or a larger 
medical center with experience in transplantation 
can help promote accurate diagnosis and treatment 
while final speciation results are pending. If the bi-
opsy or culture reveals fungus and species identi-
fication is delayed or not possible, healthcare pro-
viders should consider broad-spectrum antifungal 
therapies. The prolonged time needed for diagnosis, 
therapy initiation, and causative species identifica-
tion in this case report aligns with previous reports 
(3–8), emphasizing the importance of heightened 
clinical suspicion. Further, the timeline of this case 
reinforces the need to develop rapid diagnostic tests 
to identify rare molds and distinguish between in-
fection, colonization, and contamination (1,2).

In summary, our report underscores the need for 
heightened clinical awareness, improved diagnostics, 
and better antifungal options for rare mold infections 
such as P. cyclothyrioides and emphasizes the impor-
tance of ongoing surveillance. Treatment challenges 
associated with rare mold infections are common, as 
illustrated in this case, because appropriate antifun-
gal drugs can be expensive, cause marked side effects, 
and interact with other drugs, including immunosup-
pressants frequently used by at-risk patients (1,2). 

In this instance, the patient’s infection resolved suc-
cessfully with posaconazole. Prior P. cyclothyrioides 
case reports involved successful infection resolution 
following treatment with posaconazole, itraconazole, 
isavuconazole, or voriconazole (3,5–9).
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Figure 2. Histologic (A, 
B) and histochemical (C, 
D) findings from case of 
cutaneous Paraconiothyrium 
cyclothyrioides in lung transplant 
recipient, Georgia, USA. A) 
Skin biopsy from right shin 
revealed psuedoepitheliomatous 
hyperplasia of the epidermis 
overlying a mixed dermal 
inflammatory infiltrate. 
Hematoxylin and eosin stain; 
original magnification ×40. B) 
Polymorphic fungal elements 
(arrows) seen within the 
superficial dermis. Hematoxylin 
and eosin stain; original 
magnification ×200. C) Numerous 
fungal hyphal elements and 
yeast-like forms (arrows) 
highlighted within the dermis. 
Grocott methenamine silver stain; 
original magnification ×200. D) 
Fungal hyphal elements and 
yeast-like forms (arrows) noted 
by Periodic acid–Schiff stain; 
original magnification ×200.
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Refugees bound for the United States must under-
go a health assessment before US entry; results 

are recorded in the Centers for Disease Control and 
Prevention (CDC) Electronic Disease Notification 
(EDN) system. In East Africa and other areas with a 
high burden of tuberculosis (TB), the assessment in-
cludes an interferon-γ release assay (IGRA) to detect 
infection (1). Before October 2024, the IGRA require-
ment applied to applicants 2–14 years of age living in 
countries with a World Health Organization (WHO)–
estimated TB incidence rate ≥20 cases/100,000 popu-
lation. This requirement has since been expanded 
to applicants ≥2 years of age. A 2023 CDC review of 
EDN data for refugees 2–14 years of age noted the 
proportion of indeterminate IGRA results in Uganda 
exceeded the expected frequency of ≤2.5% for the 
QuantiFERON-TB Gold Plus (QIAGEN, https://
www.qiagen.com) package insert. 

Splenomegaly is a clinical concern among refu-
gees in Uganda. In a 2015 investigation of 987 US-
bound Congolese refugees examined in Uganda, 
nearly 15% had splenomegaly (2). Although the in-
vestigation did not establish a definitive etiology, 
hyperreactive malarial splenomegaly syndrome is a 
leading cause of massive splenomegaly in malaria-
endemic countries (3). Prompted by those findings, 
panel physicians added an enhanced abdominal 
examination to predeparture health assessments in 
Uganda that included physical examination and, for 
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We observed a novel association between splenomegaly 
and indeterminate interferon-γ release assays in refugee 
children 5–14 years of age in Uganda. Those demon-
strating splenomegaly were 4 times more likely to have 
indeterminate results. Among refugee children 2–4 years 
of age, >10% had indeterminate results even without 
splenomegaly.



palpable spleens, an ultrasound. The abdominal ex-
amination occurs before presumptive treatments for 
malaria and intestinal parasites, which are routinely 
provided to refugees in Uganda (4). Splenomegaly is 
defined as spleen size by ultrasound >2 SD above the 
height-adjusted mean. Factors affecting the immune 
system have been linked to indeterminate IGRA re-
sults (5,6), and splenomegaly can be linked to im-
mune dysregulation. Therefore, we analyzed health 
assessment data to determine whether splenomega-
ly was associated with indeterminate IGRA results 
among refugee children in Uganda. 

Overall, 11,721 refugees 2–14 years of age who 
were examined in East Africa arrived in the United 
States during fiscal years 2020–2023 (October 2019–
September 2023). Among 1,863 mostly Congolese 
(86.8%) children examined in Uganda, 87.5% of IGRA 
test results were negative, 5.7% were positive, and 
6.8% were indeterminate. In comparison, among 9,858 
mostly Congolese (93.0%) children examined else-
where in East Africa, 2.9% had an indeterminate IGRA.

In Uganda, the proportion of indeterminate results 
among older children (5–14 years) was 17.0% for those 
with splenomegaly and 4.2% for those without spleno-
megaly; among younger children (2–4 years), propor-
tions were 16.7% and 10.6% (Table). We also modeled 
the relative prevalence of indeterminate IGRA results 
by splenomegaly status (Appendix, https://wwwnc.
cdc.gov/EID/article/32/3/25-1200-App1.pdf) and 
found splenomegaly was associated with a significant-
ly increased prevalence of indeterminate results for 
older children but not younger children (Table). 

Results for repeated IGRAs performed in the Unit-
ed States, typically within 3 months of arrival, were 
available in EDN for 60 children. Four (7.4%) of 54 
older children and 0 of 6 younger children had an in-
determinate or borderline result in the United States. 
US data are limited because results from domestic 
examination are only captured by EDN for refugees 
assigned an overseas TB classification. Among the 

1,863 refugee children examined in Uganda during 
the period we studied, 1,754 lacked such a classifica-
tion, including all 126 children with an indeterminate 
IGRA result overseas. In addition, a repeat domestic 
IGRA test is not recommended for those with a posi-
tive prior IGRA or with a recent (<6 months) negative 
IGRA and no TB signs or symptoms (7). However, re-
testing still occurs in practice, as in the case of the 60 
children retested in the context of this study.

Our findings suggest a previously unrecognized 
correlation between splenomegaly and indeterminate 
IGRA results for refugee children 5–14 years of age in 
Uganda. Interpreting this correlation is complicated 
because research has also linked conditions associated 
with splenomegaly, including malaria, helminthiases, 
anemia, and HIV infection (8), with indeterminate 
IGRA results (5,6). Thus, it is unclear whether the ob-
served association is mediated by the pathology caus-
ing splenomegaly, impaired splenic function, or other 
factors. We also noted a high proportion of indetermi-
nate IGRA results for younger children, as others have 
found (5,6), even among those without splenomegaly.

The first limitation of this retrospective and pro-
grammatic analysis is that the underlying cause of 
splenomegaly among refugees in Uganda remains 
uncertain. We lacked systematic data on infections 
and other clinical factors, limiting inference. IGRA 
results were qualitative only, preventing assess-
ment of whether indeterminate results related to 
mitogen control failures or elevated responses in 
the negative control.

Our observations should be interpreted as hy-
pothesis-generating. Additional investigation is 
needed to identify the causes of splenomegaly and 
determine whether the association with increased 
QFT-Plus indeterminate results reflects splenomegaly 
itself, its etiologies, comorbidities, or a combination. 
Further work is also needed to determine whether a 
link exists for other IGRA tests, other age groups, or 
other populations with splenomegaly. When a high 
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Table. Interferon- release assay result by splenomegaly status and age group among US-bound refugee children examined in 
Uganda, 2020–2023* 

Age group and splenomegaly status 

Assay result, no. (%) 

Prevalence ratio (95% CI) Indeterminate, n = 126 
Not indeterminate,  

n = 1,737 
Age 2–14 y, N = 1,863    
 Splenomegaly, n = 177 30 (16.9) 147 (83.1) 3.0 (2.0–4.1) 
 No splenomegaly, n = 1,686 96 (5.7) 1,590 (94.3) NA 
Age 2–4 y, n = 419    
 Splenomegaly, n = 24 4 (16.7) 20 (83.3) 1.6 (0.6–4.0) 
 No splenomegaly, n = 395 42 (10.6) 353 (89.4) NA 
Age 5–14 y, n = 1,444    
 Splenomegaly, n = 153 26 (17.0) 127 (83.0) 4.1 (2.6–6.3) 
 No splenomegaly, n = 1,291 54 (4.2) 1,237 (95.8) NA 
*NA, not applicable. 
 
 



number of indeterminate IGRA results coincide with 
prevalent splenomegaly, we advise caution in attrib-
uting such results solely to splenomegaly without 
investigating other potential causes, such as mishan-
dling specimens or errors in processing. This study 
underscores the prudence of a repeat IGRA after ar-
rival in the United States for any refugee with an in-
determinate or borderline IGRA result (1).
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We describe 2 plant-associated posttraumatic Kosa-
konia infections in Argentina. Facing biochemical and 
matrix-assisted laser desorption/ionization time-of-flight 
mass spectrometry limitations, we used whole-genome 
sequencing to successfully identify K. cowanii and K. 
oryzae as the causative agents. Our data highlight the 
crucial role of genomics in correctly identifying these 
underestimated emerging pathogens.



Medical literature recognized the genus Kosakonia 
in 2013, after the systematic reorganization of Entero-
bacter genus (1). Largely known as plant growth–pro-
moting bacteria, or phytopathogens (2), the species in-
cluded in this genus are rapidly gaining relevance as 
opportunistic human pathogens. However, because 
of the bacteria’s phenotypic similarities with Entero-
bacter and Pantoea, clinicians frequently misidentify 
Kosakonia infections, leading to an underestimation of 
their true clinical incidence (3–5). We describe 2 cases 
of osteomyelitis in Argentina caused by Kosakonia 
species associated with environmental trauma.

Case 1 involved a 12-year-old girl with an open 
supracondylar elbow fracture sustained falling 
from a horse and involving soil contamination. De-
spite surgical fixation and cephalosporin prophy-
laxis, she sought treatment 10 days later for puru-
lent discharge. Cultures yielded a gram-negative 
rod (isolate CMVA41). We treated the suspected 
osteomyelitis with intravenous piperacillin/tazo-
bactam and clindamycin, followed by oral cipro-
floxacin and clindamycin for 6 weeks, resulting in 
complete resolution.

Case 2 involved a 20-year-old man with chronic 
posttraumatic knee osteomyelitis following a punc-
ture with a tree thorn. We cultured a gram-negative 
rod (isolate CMVA47) from surgical samples. We ad-

ministered vancomycin and piperacillin/tazobactam, 
followed by a course of oral amoxicillin and cipro-
floxacin for 6 weeks, achieving clinical cure.

We performed a polyphasic identification ap-
proach for both cases. Colonies were yellow and 
lactose-fermenting on eosin methylene blue (Levine) 
agar. Initial phenotypic identification using conven-
tional biochemical tests failed to provide reliable 
genus-level identification (Appendix Table, https://
wwwnc.cdc.gov/EID/article/32/3/25-1714-App1.
pdf). We subsequently performed matrix-assisted 
laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometry (Bruker Biotyper, library 
v13.0; https://www.bruker.com). We identified iso-
late CMVA47 as Kosakonia cowanii with a secure spe-
cies-level score (2.052). In contrast, we initially mis-
identified isolate CMVA41 as K. radicincitans with a 
low confidence score (1.717), indicating probable ge-
nus-level identification but species uncertainty. This 
result highlighted a limitation: the spectral library 
lacked a reference profile for K. oryzae, leading to po-
tential misclassification (6).

To resolve those uncertainties, we performed 
whole-genome sequencing (WGS) using the Illu-
mina NovaSeq6000 platform (https://www.illu-
mina.com). For strain CMVA41, the 16S rRNA gene 
sequence showed 100% identity with the reference  
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Figure. Data from a study of 2 cases of posttraumatic Kosakonia infection, Argentina, 2023. Maximum-likelihood phylogeny calculated 
using 1,214,977 single-nucleotide variants from a core-gene alignment of 3,232 genes from genomes of Kosakonia-described species 
with 1,000 bootstraps. Green indicates CVMA41 clusters, violet indicates CVMA47 clusters. Tree rooted in an Enterobacter cloacae 
genome included as an outgroup. Scale bar indicates substitutions per site.



K. oryzae sequence Ola 51. Relative to the same refer-
ence, we noted an average nucleotide identity value 
of 98.83% and a digital DNA-DNA hybridization 
value of 91.6%, with ribosomal multilocus sequence 
typing identifying the strain as the same species with 
94% support. Those results differed from MALDI-
TOF mass spectrometry identification and indicated 
K. oryzae as a clinically relevant human pathogen. For 
strain CMVA47, although the 16S rRNA gene (99.77% 
identity) and average nucleotide identity (95.94%) 
supported identification as K. cowanii, the digital 
DNA-DNA hybridization value (65.1%) fell below the 
70% threshold typically used for species delineation.

We produced a core genome phylogeny analysis 
based on concatenated sequences of 3,232 core genes 
that shared >50% sequence identity and were present 
in >80% of the included genomes (1 reference genome 
of each Kosakonia species, if present, downloaded 
from the National Center for Biotechnology Informa-
tion RefSeq database [https://www.ncbi.nlm.nih.
gov/refseq]). CVMA41 clustered with K. oryzae and 
CVMA47 clustered with K. cowanii, with 100% boot-
strap support (Figure). The genomic divergence ob-
served in CMVA47 suggested that revisiting genomic 
thresholds within the Kosakonia genus might be neces-
sary, as seen in other genera (7).

Antimicrobial susceptibility testing revealed that 
both isolates were susceptible to aminoglycosides, 
fluoroquinolones, trimethoprim/sulfamethoxazole, 
extended-spectrum cephalosporins, and carbapen-
ems. Of note, although CMVA41 was susceptible to 
all tested agents, CVMA47 exhibited resistance to 
ampicillin and intermediate susceptibility to cefazo-
lin. This phenotypic profile serves as a marker dis-
tinguishing Kosakonia spp. from Enterobacter cloacae 
complex. Enterobacter cloacae complex typically exhib-
its intrinsic resistance to ampicillin/sulbactam and 
carries an inducible chromosomal ampC β-lactamase 
that can lead to third-generation cephalosporin resis-
tance upon derepression, but both Kosakonia isolates 
remained susceptible to these agents. Genomic analy-
sis confirmed the absence of ampC and its regulator 
ampR in both strains. This distinction is clinically rel-
evant, supporting the use of ampicillin/sulbactam 
or cephalosporins as therapeutic options, sparing 
carbapenems. Consequently, we theorized that the 
ampicillin resistance in CVMA47 was likely attribut-
able to the putative chromosomic β-lactamase KSA-1, 
which was identified in Kosakonia sacchari, showing 
78.6% similarity to this class A extended-spectrum 
β-lactamase, rather than an AmpC-type enzyme (8). 
Our results further support that genomic divergence 
in CVMA47 is biologically meaningful. Researchers 

noted similar findings regarding Kluyvera spp., where 
the presence of intrinsic β-lactamases were linked to 
species differentiation and the proposal of refined 
taxonomic thresholds (9).

Identifying Kosakonia isolates in this study illus-
trates the challenges that clinical laboratories face 
with emerging pathogens. The cases we describe 
contribute to the growing evidence that Kosakonia 
infections are strongly associated with traumatic 
inoculation of plant material, although reports 
have described endogenous infections (3,10). The 
identification of K. oryzae as a human pathogen 
expands the spectrum of Kosakonia species with 
clinical relevance. MALDI-TOF mass spectrometry 
represents a considerable improvement over bio-
chemical tests, but the reliability of such analysis 
is contingent on updated databases (6). WGS thus 
stands as the standard for accurate identification of 
such environmental pathogens, essential for defin-
ing their epidemiology and guiding antimicrobial 
stewardship.

Short reads for both sequenced isolates have been  
submitted to the National Center for Biotechnology  
Information Short Read Archive (accession no.  
PRJNA1389793).

This study was conducted in accordance with the Ethics  
Committee of Hospital de Clínicas José de San Martín, 
Buenos Aires, Argentina, and the Declaration of Helsinki 
(2024 version), the National Ministry of Health Resolution 
1480/11, and the National Law on Personal Data  
Protection No. 25.326
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Mycobacterium riyadhense, first isolated in Saudi 
Arabia, has been reported mainly in the Middle 

East (1) and sporadically elsewhere (2,3). We describe 
a patient who experienced slowly progressive pulmo-
nary deterioration caused by M. riyadhense infection 
after she relocated from Saudi Arabia to Japan. Be-
cause M. riyadhense has not been reported in Japan, 
genomic analysis of the patient’s isolates was more 
consistent with within-host persistence of a preexist-
ing infection than recent local acquisition from envi-
ronmental exposure in Japan.

A 47-year-old woman was referred to Kitasato 
University Kitasato Institute Hospital (Tokyo, Ja-
pan) after granular opacities were detected in the 
right lung on screening. She had lived in Saudi Ara-
bia for 2 years, where she had chronic exposure to 
sand and dust. A visibly contaminated, uncleaned 
air-conditioning unit at her home housed a bird’s 
nest for 7 months and remained in use. She took only 
showers and rarely cleaned the shower room. She 
also gardened regularly. Shortly before her initial 
visit for care, she returned to Japan, bringing back 
only clothing and no other household belongings. 
She resumed tub bathing; the showerhead was re-
placed 4 years after her return, while her illness was 
being monitored. 

Computed tomography (CT) revealed multiple 
small nodular opacities in the right upper and middle 
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We report a case of Mycobacterium riyadhense pulmo-
nary disease in a patient who relocated from Saudi Arabia 
to Japan. Epidemiologic data and whole-genome analy-
ses of the isolated strains suggested that the infection 
might have been acquired in Saudi Arabia and persisted, 
rather than a recent local acquisition in Japan.



lobes and the lingular segment, along with bronchial 
wall thickening; those findings suggested the nodular 
bronchiectatic form of nontuberculous mycobacte-
rial pulmonary disease (Figure 1, panel A, B). Bron-
chial wash from the right upper lobe was negative 
for acid-fast bacilli (AFB) by smear and culture. Be-
cause she was asymptomatic, we monitored her for 
2 years. CT imaging showed progressive worsening 
(Figure 1, panel C, D). A repeat bronchial wash from 
the same site in the right upper lobe was negative by 
AFB smear; culture yielded M. riyadhense, identified 
by matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectrometry using the 
MALDI Biotyper system with the Mycobacteria Li-
brary version 6.0 (Bruker, https://www.bruker.com) 
(4). Because she was asymptomatic without lung cav-
ities, we deferred treatment.

Five years after her initial visit, radiology-de-
tected progression prompted a third bronchoscopy. 
Bronchial washes from 2 sites yielded M. riyadhense 
(strains 484719 and 537489), which we confirmed by 
MALDI-TOF mass spectrometry. We assembled draft 
genomes of the 2 strains from Illumina MiniSeq short-
read sequencing data (https://www.illumina.com) 
using SPAdes version 3.15.5 (https://github.com/
ablab/spades) (Appendix 1, https://wwwnc.cdc.
gov/EID/article/32/3/25-1418-App1.pdf). Average  
nucleotide identity heatmap analysis using PyANI 
version 0.2.12 (https://github.com/widdowquinn/
pyani) demonstrated that the isolates clustered with 
M. riyadhense, with >99.08% identity (Appendix 1 
Figure 1; Appendix 2 Table 1, https://wwwnc.cdc.
gov/EID/article/32/3/25-1418-App2.xlsx). Phylo-
genetic analysis based on 4,753 core genes from 12 
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Figure 1. Serial axial chest 
computed tomography images 
over time from patient with 
Mycobacterium riyadhense 
pulmonary disease after 
relocation from Saudi Arabia, 
Japan. A, B) Images taken at 
initial hospital visit, demonstrating 
multiple scattered small nodular 
opacities in the right upper and 
middle lobes (A) and the lingular 
segment (B), accompanied by 
bronchial wall thickening. C, 
D) Images taken 2 years later, 
showing progression of the 
lesions in the right upper/middle 
lobes (C) and lingular segment 
(D). E, F) Images taken after 
treatment showing improvement 
of the lesions in the right upper/
middle lobes (E) and lingular 
segment (F).



M. riyadhense genomes, including publicly available 
genomes from the National Center for Biotechnology 
Information database (Appendix), further showed 
that isolates from both specimens were closely relat-
ed to strains reported from Saudi Arabia (Figure 2). 
We called 7 single-nucleotide polymorphisms (SNPs) 
using Snippy version 4.6.0 (https://github.com/ 
tseemann/snippy) and Gubbins version 3.4 
(https://github.com/nickjcroucher/gubbins) with-
in the 2 isolated strains (Appendix 1 Figures 2, 3). 
Fourteen-day broth microdilution susceptibility 
testing showed favorable results (Appendix 2 Table 
2). Four months later, sputum culture also yielded 
M. riyadhense. Azithromycin (250 mg/d) plus etham-
butol (500 mg/d) achieved sputum culture conver-
sion and radiologic improvement (Figure 1, panel 
E, F). Sputum cultures have remained negative on 
repeated follow-up.

We did not identify published case reports of M. 
riyadhense in Japan (Appendix). Recent studies showed 
that shower aerosols and certain soil types are com-
mon sources of NTM exposure (5,6). The patient had 
prolonged exposure to such environmental conditions 
while living in Saudi Arabia. Although the environ-
mental reservoir of M. riyadhense is not completely 
defined, culture-independent surveys have detected 
M. riyadhense–consistent signatures in freshwater and 
soil samples, which suggests those habitats could rep-
resent potential sources of exposure (7,8). Our isolates 
differed from MR-193 by 11–12 SNPs, whereas they 
were substantially more distant from other publicly 
available genomes. However, neither a molecular 
clock nor SNP threshold for M. riyadhense has been es-

tablished, so interpretation is limited; more genomes 
from the same cluster are needed to infer transmission. 
Nevertheless, considering the patient’s exposure his-
tory, clinical course, and the absence of previous detec-
tion reports of M. riyadhense in Japan, we considered 
within-host persistence of a preexisting infection to be 
a plausible explanation in this case.

No standard regimen for M. riyadhense infection 
has been established. Therapeutic approaches in pre-
vious cases have varied (1). A study summarizing 
previous cases of M. riyadhense (9) demonstrated ef-
ficacy of macrolide-based regimens combined with 
rifampin or fluoroquinolone, reporting a cure or im-
provement rate of 87.5%. In the case we describe, the 
isolate was susceptible to macrolides and other major 
drugs; therefore, we selected combination therapy 
with azithromycin and ethambutol. After initiating 
therapy, sputum cultures converted to negative with-
in 2 months, with no evidence of recurrence. Subse-
quent imaging confirmed improvement in the lungs, 
providing further support for the efficacy of macro-
lide-based therapy against M. riyadhense.

Our findings contribute to understanding of the 
epidemiology and clinical course of M. riyadhense pul-
monary disease. Given our whole-genome sequenc-
ing results and the absence of previous reports in Ja-
pan, this case might represent within-host persistence 
of a preexisting infection, distinct from recent local 
acquisition from environmental sources.
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Figure 2. Midpoint-rooted maximum-likelihood tree based on 4,753 core genes of Mycobacterium riyadhense isolates from study of 
Mycobacterium riyadhense pulmonary disease after relocation from Saudi Arabia to Japan. Strains 484719 and 537489 (bold), obtained 
from clinical specimens in this study, were more closely related to strains MR-193 and DSM 45176 from Saudi Arabia. Yellow circles 
indicate ultrafast bootstrap values of 100%. Numbers at right indicate the number of coding sequences detected. Scale bar represents 
0.001 substitutions per site.
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Group A Streptococcus (GAS) commonly causes 
noninvasive infections affecting the skin and 

throat and invasive infections that can involve any 
tissue of the human body. Treatment of GAS infec-
tions is primarily with β-lactam antimicrobial drugs; 
macrolides and clindamycin are alternatives for pa-
tients allergic to β-lactam antimicrobial drugs (1). 
GAS co-resistance to macrolides and clindamycin has 
increased (2), which compromises macrolide usage 
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Among >16,500 recently recovered invasive Strepto-
coccus pyogenes isolates, we detected 9 independent 
acquisitions of lsaC or tandem lsaE-lnuB genes, which 
are known to confer resistance to pleuromutilins and 
clindamycin. Continued awareness of the evolving S. 
pyogenes antimicrobial resistosome is important for fu-
ture infection treatment considerations.



for noninvasive infections and combined clindamy-
cin with penicillin for severe disease (1). The 2 main 
streptococcal macrolide resistance mechanisms are 
23S rRNA methylation by erm gene–encoded meth-
ylases, which confers resistance to macrolides, lincos-
amides (including clindamycin), and streptogramin B 
antimicrobials, and macrolide efflux by mef-encoded 
and msrD-encoded proteins (3). The lnu genes con-
fer lincosamide resistance, whereas lsa genes confer 
resistance to lincosamides, streptogramin A drugs, 
and pleuromutilins. The pleuromutilin lefamulin 

is approved in the United States for systemic treat-
ment of community-acquired bacterial pneumonia in 
adults (4) and has potent antibacterial activity against 
β-hemolytic streptococci (5). Although lsa and lnu 
genes are documented in group B Streptococcus (6,7) 
only 1 GAS isolate carrying tandem lsaE-lnuB deter-
minants has been reported (8).

We identified 11 invasive GAS (iGAS) blood iso-
lates positive for lsa or lnu genes, 7 lsaC and 4 lsaE/
lnuB, from >16,500 iGAS isolates recovered dur-
ing 2015–2023 and 335 isolates screened before 2015 
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Figure 1. Alignments of 5 different group A Streptococcus lsaC-carrying accessory elements from study of repeated acquisitions of 
lsaC and tandem lsaE-lnuB resistance genes. Alignments include a partial element from S. agalactiae strain UCN70 (6) and 2 complete 
elements recently described in pneumococci (9). The j1 and j2 (junctions 1 and 2) sequences depict 24–25 bp sequences that demarcate 
a 5,258–5,816 bp mobilizable lsaC-carrying cassette that is highly conserved between all of the strains shown except for iGAS strain 
20201216 (Appendix Figure 1, panel B, https://wwwnc.cdc.gov/EID/article/32/3/25-1776-App1.pdf). The 8–18 bp target sequence repeat 
flanking each complete element shown is perfect except in strain 20201216 (nonconserved base in red font). Underlined text indicates the 
stop codon of the rplL gene in 4 strains (including S. pneumoniae strain 2). The insertion within strain 20156709/20175626 targeted an 
8-bp internal sequences within the rlmD gene, resulting in a truncated allele, rmlD’; the insertion within strain 20201216 targeted an 18-bp 
internal sequence within the lysS gene, resulting another truncated allele, lysS’. Scale bar indicates 5,000 base pairs. ST, sequence type.



through Active Bacterial Core surveillance (ABCs). 
We detected the positive isolates on 1 of 9 distinct mo-
bile elements (Figures 1, 2; Appendix Table, Figures 
1–9, https://wwwnc.cdc.gov/EID/article/32/3/25-
1776-App1.pdf). Each element was found within 1 of 
7 different iGAS strains (7 emm type/sequence type 
[ST] combinations; for example, emm89.0/ST101). 
Two strains were represented by indistinguishable 
(360807 and 360907) or nearly identical (20156709 and 
20175626) isolate genome sequences available under 
BioProject PRJNA395240 (Appendix Table).

We found 5 large (61,501–78,917 bp) accessory 
elements carrying lsaC in combination with ermB 
and tetM in 6 isolates from 5 strains and with ermTR 
in isolate 20201216 (Figure 1). All 6 elements were 

flanked by short genomic target repeats, indicative 
of genomic insertion through precisely targeted 
transposition (7). Three of the 5 elements were in-
serted at the rplL 3′ end, 1 within the rlmD gene, and 
1 within the lysS gene.

Four iGAS strains, including 1 S. equisimilis isolate 
(10), carried an identical lnuB allele and conserved 
lsaE alleles sharing 98%–100% sequence identity on 4 
distinct accessory elements (Appendix Figure 2, pan-
el B). As with 3 lsaC-carrying elements (Figure 1), 2 of 
the 4 elements carrying lsaE-lnuB mapped at the rplL 
3′ end and were also apparently inserted through pre-
cise transposition events. For 2 strains, we were un-
able to map element genomic insertion sites because 
of incomplete assembly.
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Figure 2. Alignment of complete and partial lsaE-carrying elements from study of repeated acquisitions of lsaC and tandem lsaE-lnuB 
resistance genes by group A Streptococcus. Alignments shown are from group A ABCs strains 2013217351 and 20231270 with partial 
elements from strains 20236407 and 20201347. Also included are complete elements from GAS2887Hub (8) and GBS strain SGB76 
(GenBank accession no. KF772204). Antimicrobial resistance genes include 3 aminoglycoside 6-adenyltransferase genes (ant6, aph3, 
and ant9), and the streptothricin acetyltransferase gene aph3. Prokka annotations include topB (DNA topoisomerase genes), bin3 (DNA 
invertase gene), repB (DNA replication gene), tn-IS3 (IS3 family transposase gene), and xerC (tyrosine recombinase gene). Underlined 
bold text indicates the stop codon of the rplL gene in 2 strains. Scale bar indicates 5,000 base pairs. ABCs, Active Bacterial Core 
surveillance; sero, serotype; ST, sequence type.



The 4 deduced 492 residue LsaE proteins shared 
52.2%–53.7% sequence identity with the 5 deduced 
494 residue LsaC protein sequences. Other than re-
sistance determinants, few genes were conserved be-
tween the 4 mobile elements carrying lsaE-lnuB from 
this study with the prophage described from S. pyo-
genes strain Gas2887Hub (8) also carrying those genes 
(Figure 2). The iGAS S. equisimilis strain 2013217351 
and S. pyogenes 20231270 carried closely related trans-
posons, each inserted at the 12-mer rplL 3′ terminus 
conserved between the 2 species.

The 5 lsaC-carrying elements represented 4 phy-
logenetically distinct lsaC alleles (Appendix Figure 1) 
with 90.4%–99.8% sequence identity to the S. agalactiae 
UCN70 lsaC allele (6). The 4 elements carrying lsaC, 
ermB, and tetM each contained a small (5,258–5,816 bp) 
conserved lsaC self-mobilizing element inserted within 
a consensus Tn916 oriT site sequence (Appendix Figure 
1, panel B) described in S. agalactiae (7) and recently de-
scribed in 2 distinct pneumococcal elements (9). There 
was wide sequence divergence between the 4 small oriT-
targeting iGAS lsaC mobile elements, despite identical 
24–25 bp sequences flanking their insertion sites. For the 
lsaC-containing element in strain 20156709/20175626, 
genomic insertion and phylogenetic data were consis-
tent with the sequential genomic insertion of a Tn916 
family element before a more recent second precise 
insertion of the 5546 bp lsaC–carrying element into its 
oriT site (Appendix Figure 2, panels A, B). For 2 other 
lsaC-carrying elements, phylogenetic data suggested 
recent introduction of the complete composite element, 
consisting of a Tn916-related element carrying an inte-
grated small lsaC element (Appendix Figures 3–4).

Ten of the 11 study isolates were resistant to both 
erythromycin and clindamycin (Appendix Table); 
that resistance is associated with the presence of ermB 
and lsaC (6 isolates), ermTR and lsaC (1 isolate), or 
ermB, lsaE, and lnuB (3 isolates). One strain, 20201347 
(lsaE+, lnuB+), was erythromycin susceptible but 
clindamycin-resistant, indicating lsaE- and lnuB-con-
ferred clindamycin resistance. That finding in strain 
20201347 was consistent with masking of lsaE- and 
lnuB-conferred clindamycin resistance in the other 
10 isolates because of erm gene–encoded methylase 
activity. The 4 isolates carrying lsaE-lnuB had high 
MICs for the pleuromutilin lefamulin (MIC >2 µg/
mL), whereas the 7 lsaC-positive isolates had low 
MICs for lefamulin (MICs <0.25 µg/mL) (Appendix 
Table). We conclude that expansion of lsaE-positive 
iGAS lineages could compromise future potential use 
of lefamulin, and lsaC- or lsaE-lnuB–positive strains 
could further undermine the use of clindamycin for 
treating β-hemolytic streptococcal infections.
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Tuberculosis (TB), caused by Mycobacterium tu-
berculosis, remains a major global health threat. 

The World Health Organization (WHO) European 
Region reported 172,300 TB cases and 22,500 deaths 
in 2023 (1,2). Migrants from high-incidence countries 
are disproportionately affected by TB (3). Pregnancy 
further increases vulnerability because of immuno-
logic changes and healthcare barriers (4). Early iden-
tification of M. tuberculosis infection during preg-
nancy could represent an opportunity for prevention; 
however, evidence on the balance between potential 
benefits and risks remains limited (5). Current WHO 
recommendations restrict TB preventive treatment 
(TPT) during pregnancy to persons living with HIV 
and are largely derived from high-burden settings, 
which have limited applicability to migrant popula-
tions in Europe (6). Although drugs included in TPT 
regimens are used for treating TB during pregnancy, 
safety data remain limited (6). Given those gaps, we 
queried clinicians in Europe on M. tuberculosis infec-
tion screening and preventive practices for pregnant 
migrant women. 

We disseminated an online query during March 4–
May 31, 2025 (Appendix 1, https://wwwnc.cdc.gov/
EID/article/32/3/25-1775-App1.pdf; Appendix 2, 
https://wwwnc.cdc.gov/EID/article/32/3/25-1775- 
App2.pdf), to gather information on M. tuberculosis 
infection screening and management practices for 
pregnant migrants in Europe. The query was endorsed 
by the European Society of Clinical Microbiology and 
Infectious Diseases Study Group for Infections in Trav-
elers and Migrants and Study Group for Mycobacterial 
Infections. We descriptively summarized responses.

A total of 101 professionals responded, 74.3% 
(75/101) of whom were infectious diseases special-
ists, and most worked in hospitals. Participants rep-
resented 20 different countries, most within the WHO 
European Region (Appendix 1 Table). Only 27.7% 
(28/101) reported routinely offering M. tuberculosis 
infection screening to pregnant migrants, but 36.6% 1These first authors contributed equally to this article.

Pregnant migrant women face increased tuberculosis 
vulnerability. We queried clinicians in Europe on Myco-
bacterium tuberculosis infection screening and man-
agement among pregnant migrants. Fewer than half 
reported routinely performing screening, and diagnostic 
and preventive practices varied widely. Those responses 
highlight substantial heterogeneity and uncertainty in 
current M. tuberculosis infection screening practices.



(37/101) reported screening migrants who had specif-
ic risk factors, such as HIV infection, recent (<5 years) 
arrival from high-incidence countries, immunosup-
pression, or close contact with a TB case (Table). 

Among screening tools, of participants who re-
ported screening pregnant migrants for M. tuberculo-
sis infection, 82.6% (57/69) reported using interferon-γ 
release assays (IGRAs), and 27.5% (19/69) used chest 
radiographs. Tuberculin skin testing was less com-
monly adopted, serving as the main diagnostic tool 
for only 24.6% (17/69). To diagnose M. tuberculosis in-
fection, 60.9% (42/69) of respondents reported using 
a sequential diagnostic approach in which positive 
tuberculin skin test or IGRA result was followed by 
chest radiograph to rule out TB disease among IGRA-
positive women. An additional 37.7% (26/69) used a 
similar approach but relied on clinical assessment in-
stead of imaging to exclude TB disease. 

Approaches to TPT during pregnancy varied 
widely among respondents; 30.4% (21/69) reported 
routinely offering TPT to all pregnant migrants with 
diagnosed M. tuberculosis infection, 40.6% (28/69) did 
so only under specific conditions, and 23.2% (16/69) 
postponed treatment until after delivery. When TPT 
was initiated during pregnancy, most respondents 
started therapy as soon as M. tuberculosis infection 
diagnosis was made, regardless of fetal gestational 

age. The most common regimens were isoniazid plus 
rifampin or isoniazid monotherapy.

Participants reported barriers to M. tuberculo-
sis infection screening and treatment in pregnant 
migrants; 53.6% (37/69) identified challenges in 
performing screening and 62.7% (42/67) reported 
difficulties in prescribing or ensuring adherence to 
TPT (Table). The most common reported barriers to 
screening included concerns about radiation expo-
sure from chest radiographs, unclear protocols, and 
uncertainty about timing for safely administering 
chest radiographs during pregnancy. Additional is-
sues for both screening and treatment included pa-
tient adherence, limited resources, and lack of clear 
guidelines (Table).

Regarding TPT, respondents reported the main 
difficulties were patient-related, such as language 
and cultural barriers and fears about gestational risks 
and side effects. Among healthcare provider–related 
concerns, reported difficulties included uncertainty 
about which stage of pregnancy is considered safe 
for starting TPT and lack of training. Participants 
also noted healthcare system challenges, such as frag-
mented follow-up pathways and limited availability 
of dedicated services. Estimated TPT adherence rates 
varied, and only one third of respondents estimated 
high (>80%) adherence.
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Table. Risk factors and barriers reported by respondents to a network query into TB screening and management among pregnant 
migrants, Europe, 2025* 
Risk factor or barrier No. (%) respondents 
Risk factors considered when screening offered during pregnancy, n = 37†  
 Recent TB contact 34 (91.9) 
 HIV infection 34 (91.9) 
 Immunosuppression 31 (83.8) 
 Recent migration, <5 y 22 (59.4) 
 Homelessness 12 (32.4) 
 Diabetes 7 (18.9) 
 Malnutrition 6 (16.2) 
Risk factors considered when TB preventive treatment offered during pregnancy, n = 31†  
 HIV infection 30 (96.8) 
 Recent TB contact 27 (87.1) 
 Immunosuppression 22 (71) 
 Recent migration, <5 y 11 (35.5) 
 Diabetes 7 (22.6) 
 Malnutrition 7 (22.6) 
 Homelessness 5 (16.1) 
Perceived barriers to TB infection screening, n = 37†  
 Chest radiograph issues‡ 28 (75.7) 
 Patient adherence 11 (29.7) 
 Financial or healthcare system barriers 10 (27) 
 Guideline gaps 8 (21.6) 
Perceived barriers to TB preventive treatment, n = 42†  
 Patient-related factors 33 (78.6) 
 Healthcare provider–related factors 20 (47.6) 
 Guideline or policy gaps 16 (38.1) 
 Healthcare system barriers 12 (28.6) 
*TB, tuberculosis. 
†Multiple responses were permitted. 
‡Includes concerns regarding radiation exposure, which trimester radiographs can safely be administered, and patient acceptance of chest radiography 
during pregnancy. 

 



Slightly more than one third (35.7%, 35/98) of re-
spondents reported following specific guidelines for 
M. tuberculosis infection screening in pregnant wom-
en, predominantly international guidelines (6–8) and, 
to a lesser extent, national guidelines (9,10). How-
ever, only 23.2% (23/99) considered the available 
guidelines adequate. Guideline limitations included 
a lack of evidence specific to pregnancy, insufficient 
guidance on when and how to screen and treat preg-
nant women, and inconsistent national recommen-
dations. Respondents noted training gaps, and one 
third of participants had received no specific training 
on M. tuberculosis infection screening and treatment. 
Respondents emphasized the need for additional re-
sources, particularly standardized protocols, train-
ing, better access to guidelines, and the involvement 
of cultural mediators.

In this query among clinicians in Europe, respon-
dents reported substantial heterogeneity in M. tuber-
culosis infection screening and TPT practices for preg-
nant migrants. Screening was most often restricted to 
women with specific risk factors, and diagnostic and 
preventive approaches varied widely across settings. 
Given the convenience sampling approach and the 
open-link dissemination strategy (response rates not 
assessable), the patterns described here should not be 
interpreted as representative of all settings in Europe. 
However, the responses to our query underscore ar-
eas of clinician uncertainty regarding M. tuberculosis 
infection screening and treatment in pregnant wom-
en that warrant further investigation, training, and 
guidelines.
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Fade softly from my eyes, and be once more 
 In masque-like figures on the dreary urn; 
Farewell! I yet have visions for the night, 
 And for the day faint visions there is store; 
 Vanish, ye Phantoms! from my idle spright, 
Into the clouds, and never more return! 

—John Keats, Ode on Indolence, lines 55–60 (1)

John Keats (1795–1821), a renowned poet of the Eng-
lish Romantic movement, died at just 25 years of 

age, a victim of what was then called consumption; in 
1829, Johann Schonlein, a German physician, renamed 
the disease tuberculosis (2). As a young man, Keats 
was apprenticed to an apothecary and trained to be 
a physician at Guy’s Hospital in London, obtaining 
the Licentiate of the Society of Apothecaries in 1816, 
which made him eligible to practice both pharmacy 
and medicine (3). Although he achieved the rank of 
assistant surgeon at age 20, Keats was enamored of the 
beauty of poetry and truncated his medical practice.

Joseph Severn, Portrait of Keats, listening to a nightingale on Hampstead Heath, 1845 (detail). Oil on canvas. 114 cm × 97 cm (45 
in × 38 in). Guildhall Art Gallery, London, UK. On display at Keats House, Hampstead, UK.
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The severity of Keats’ illness was presaged by the 
deaths from tuberculosis of his mother when he was 
14 (4) and of a younger brother, Thomas (1799–1818), 
3 years before his own death (5). His illness deeply 
shaped his creative output and posthumous legacy. 
Students of English poetry are awed when they learn 
how, in a single year, 1819, Keats composed 6 elabo-
rately structured odes (Ode on a Grecian Urn, Ode on 
Indolence, Ode on Melancholy, Ode to a Nightingale, Ode 
to Psyche, and To Autumn) that rank among his best 
known poems, together with numerous sonnets and 
other works. Although not widely known in his brief 
lifetime but well launched toward literary immortal-
ity, Keats had to confront the reality of his own im-
pending death from tuberculosis when, in February 
1820, he coughed up blood and noted (as a physician) 
that it “was arterial”—“my death warrant” (6).

In early 19th Century Europe, Keats’ disease 
would have been interpreted through a dominant 
framework of heredity, because the disease was so 
often observed in the context of families who had 
shared airspace (7). In 1865, by demonstrating that 
inoculation with tuberculin material from human 
lymph nodes would result in the development of 
tubercular lesions in rabbits, Jean-Antoine Villemin 
provided evidence to the scientific community that 
tuberculosis was infectious, a position that largely 
went ignored (8). At the time, in the absence of com-
mon knowledge of a communicable etiology and of 
a known cure, a common prescription for consump-
tion was a change of climate. That was before the de-
finitive breakthrough revelation by Robert Koch on 
March 24, 1882, that the etiology of this disease was 
infection with a Mycobacterium (9); the date has been 
designated as World TB Day by the World Health Or-
ganization and is why March issues of Emerging Infec-
tious Diseases always have tuberculosis as their central 
and cover themes. 

For Keats, a change of climate meant setting sail 
for Italy in September 1820, accompanied by his friend 
Joseph Severn (1793–1879), in the hopes that the mild 
Mediterranean air would ease his suffering. Severn 
was an English portrait painter who had developed a 
reputation as a good miniaturist, and for his artwork, 
he won a medal and 3-year traveling fellowship from 
the Royal Academy. It is thought that Severn had first 
met Keats in 1816, and in London’s Royal Academy 
Exhibition of 1819, Severn exhibited a portrait min-
iature, J. Keats, Esq. (Figure). Although Severn had 
an exceedingly successful artistic career as a realist 
and genre painter after Keats’ death, helped estab-
lish the British Academy of Arts in Rome, and later 
served as British consul (1861–1872) in Rome at the 

time of Italian unification under Giuseppi Garibaldi, 
he is best known for his role in nursing Keats through 
his final days and for the several artistic depictions 
that he made of the poet. On this issue’s cover is a 
depiction of the poet painted by Severn in 1845, Keats 
Listening to a Nightingale on Hampstead Heath. In this 
posthumous portrait, Severn pictures a distracted Ke-
ats seated in an environment that is at once day and 
night, two scenes in one, with his book set aside, the 
poet gazing toward a small bird silhouetted against a 
full moon.

After arriving in Rome in November 1820 en-
during rapid disease progression, and after numer-
ous contemporary medical interventions including 
starvation and bloodletting, Keats died in Rome in 
February 1821 (10). Soon thereafter, his room and 
its contents were burned, the walls scraped, and the 
apartment cleansed, all consistent with the then-still-
unproven theory that consumption might be infec-
tious in origin (11).

Figure. Joseph Severn, John Keats, Esq., 1819. Oil on ivory 
miniature. 105 × 79 mm. National Portrait Gallery, London, UK. 
https://www.npg.org.uk/collections/search/portrait/mw03554/
John-Keats



474	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 3, March 2026

Because tuberculosis was so widespread in 19th 
Century Europe populations, accounting for estimates 
of 1 in 4 deaths at the time (12), the presence of many 
young, talented artists and poets among its victims re-
sulted in the disease being romanticized by some as 
ennobling. With no effective treatment available, it was 
a slow and painful disease, characterized by coughing, 
fever, night sweats, weight loss, and wasting. Contem-
porary with Keats, a host of other English literary gi-
ants believed to have had tuberculosis include Percy 
Bysshe Shelley, Elizabeth Barrett Browning, and the 
famed Brontë siblings, Emily, Anne, and Charlotte.

The poignancy of Keats’ rapid decline, his artistic 
drive and boundless productivity, his extreme physi-
cal suffering and lack of effective therapy, and his 
own awareness of his impending demise are all parts 
of a tragic tale of 19th Century genius cut short by in-
fectious disease that in the modern era is preventable 
and treatable. Still, from his suffering and endurance 
came some of the most luminous poetry in the Eng-
lish language—poems of yearning, mortality, and an 
intense experience of fleeting beauty.

The author acknowledges using AI tools for locating  
references in writing this essay.
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CME Questions
1. Which of the following statements regarding 
infection with blastomycosis is most accurate?
A.  �The most common symptoms are cough, chest pain, 

and fever
B.  �Over 80% of infections are symptomatic
C.  �The incubation period before infection is  

1 to 2 weeks
D.  �Reactivation of latent infection with blastomycosis has 

not been documented

2. Which of the following statements regarding testing 
for blastomycosis is most accurate?
A.  �Skin testing remains a standard for diagnosing 

blastomycosis
B. New blood enzyme immunoassay (EIA) testing has not 
improved on test sensitivity
C.  �Urine antigen testing has low sensitivity
D.  �Urine antigen testing is limited by specificity between 

different fungal pathogens

3. Which of the following statements regarding urine 
antigen testing results in the current study cohort is 
most accurate?
A.  �Urine testing was positive in approximately half of all 

patients
B.  �Most individuals with a positive urine test were 

asymptomatic
C.  �Treatment for blastomycosis was associated with a 

higher rate of negative urine samples
D.  �Time from study initiation to urine testing did not affect 

the rate of positive urine samples

4. Which of the following variables was most 
associated with a positive urine antigen test for 
blastomycosis in the current study?
A.  Being a man
B.  The presence of symptoms
C.  Older age
D.  A history of immunocompromise




