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Legionnaires’ disease (LD) is pneumonia caused 
by infection with Legionella spp. bacteria (1). Le-

gionellae can be found in water and soil in natural 
environments or in water installations, such as tap 
water, cooling towers, or wastewater treatment 
plants (2–4). If water from those systems or small soil 
particles containing Legionella spp. bacteria are aero-
solized, the aerosols can be inhaled and subsequently 
cause disease. More than 60 different Legionella spe-
cies have been identified, half of which are known to 
be pathogenic (5,6). In most countries, including the 

Netherlands, LD is primarily caused by L. pneumoph-
ila, of which serogroup 1 (SG1) is detected most often 
in patients (7,8).

LD is a notifiable disease in the Netherlands, and 
LD incidence has been increasing in the Netherlands 
and in Europe. In 2023, LD incidence reached a peak 
of 5.0 notifications/100,000 inhabitants in the Neth-
erlands and 3.2 notifications/100,000 inhabitants in 
Europe (8). LD has a seasonal pattern that peaks in 
summer in most countries in Europe, including the 
Netherlands, likely because of favorable weather 
conditions for legionellae transmission from environ-
mental sources (7,8). 

In the Netherlands, most LD notifications are 
sporadic (i.e., not cluster or outbreak-related), and the 
source of infection, despite source tracing, remains 
unknown. In the Netherlands, only 1%–2% of LD 
cases have a source confirmed by a genotypic match 
between the patient’s isolate and an environmental 
isolate (7); showers and drinking water systems in pa-
tients’ homes are the most often sampled sources for 
LD cases, representing 31% of sampled sources dur-
ing 2013–2022 (7). However, on average, <1 case/year 
had a genotypic match to the home water system (7).

At the beginning of 2023, two small clusters of LD 
cases emerged within 2 residential apartment build-
ings in the Netherlands. Cluster 1 included 4 cases in 
1 building, and cluster 2 had 2 cases in another build-
ing. Because >1 LD case is rarely notified from a resi-
dential building, the unusual event of 2 clusters in a 
short period was reason for further investigation. 

For 1 case, a clinical isolate was available and 
typed as L. pneumophila SG1 sequence type (ST) 37. 
ST37 is not common in drinking water in the Nether-
lands and is not often identified among LD patients in 
the country (7). Environmental sampling in patients’ 
homes revealed ST37 in the hot water systems of 
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During 2022–2023, two small Legionnaires’ disease 
(LD) clusters (2 and 4 cases) occurred in 2 residential 
apartment buildings in the Netherlands. All case-patients 
recently installed a new brand A water heater. Environ-
mental sampling revealed Legionella pneumophila sero-
group 1 sequence type 37 in the hot water system of 
each case-patient’s apartment, matching 1 clinical iso-
late. We conducted a case–control study to evaluate 
whether brand A water heaters were linked to cases in 
the 2 clusters. We identified 23 LD case-patients, 21 of 
whom had a brand A water heater installed <6 months 
before illness onset. Four cases had a genotypic match 
between clinical and environmental isolates; none of 31 
control-patients had recently installed a water heater. 
Analyses showed that LD cases were strongly associ-
ated with new brand A water heaters (OR 542 [95% CI 
24.76–11,854.03]); the manufacturer implemented con-
trol measures. Residential water heaters could serve as 
L. pneumophila transmission sources.
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case-patients in both buildings, which matched with 
1 clinical isolate. The concentration of L. pneumoph-
ila bacteria in most samples was 100–1,000 CFU/L, 
and it was detected in taps and shower hoses. At the 
building of cluster 1, the drinking water company, a 
certified water consultancy company, and the own-
ers’ association of the apartment building conducted 
an extensive examination of the building’s hot and 
cold water systems. No legionellae were detected in 
the water samples from plumbing entering the build-
ing or the cold water samples in the apartments, ex-
cept for 1 cold water sample from a mixed water tap. 
In addition, the building of cluster 2 was served by 
a different drinking water company; therefore, the 
drinking water supply was ruled out as the primary 
source. Furthermore, the drinking water company 
could not identify any incidents or repairs to the 
water supply that might have caused contamination 
from groundwater. 

In view of the short period (2.5 months) in 
which the patients fell ill and the age of the build-
ings (16 years), previously existing defects were 
unlikely to be the primary cause. The only recent 
change in the apartments that could explain the 
LD clusters was replacement of the water heaters 
in each apartment; all LD patients had installed a 
new water heater of the same brand (brand A) <3 
months before onset of illness. During the exami-
nation of the water system for cluster 1, cluster 2 
emerged in another building where the same brand 
A water heaters were installed <2 months before ill-
ness onset. Here, we describe a case–control study 
that we initiated to investigate whether more LD 
cases in the Netherlands were linked to newly in-
stalled brand A water heaters.

Methods
In the Netherlands, all laboratory-confirmed LD cas-
es are notifiable and reported by clinicians or medi-
cal microbiologists to the public health service (PHS). 
The PHS uses a structured questionnaire to conduct a 
source finding investigation and collects all relevant 
data, including demographic, diagnostic, underly-
ing conditions, smoking, travel history, and all pos-
sible locations, activities, or other potential sources 
of exposure in the 14 days before illness onset. Us-
ing those data, the PHS in collaboration with the 
National Reference Laboratory for Legionella (Legio-
nella Source Identification Unit) decides which water 
or soil samples should be collected from potential 
sources of infection. The reference laboratory collects 
and analyzes all samples, including genotyping of 
Legionella isolates.

Case Definitions and Epidemiologic Investigation
We initiated a case–control study at the beginning 
of 2023. All reported LD cases included in this study 
were laboratory-confirmed according to the 2018 Eu-
ropean Union/European Economic Area case defini-
tion (9). The PHS obtained production dates of the 
water heaters from the serial numbers. Because the 
water heaters implicated in the 2 LD clusters were all 
produced in 2022, we included LD patients reported 
from 2022 on; therefore, we retrospectively conduct-
ed some case and control finding. 

We defined cases as LD patients reported in the 
Netherlands during 2022–2023 who had L. pneumoph-
ila SG1 ST37 detected in a clinical isolate or in the 
water system of the patient’s home, which included 
the 6 cases from clusters 1 and 2. We defined controls 
as reported LD cases during 2021–2023 without L. 
pneumophila ST37 identified (i.e., a non-ST37 clinical 
isolate or no clinical isolate), for which the residen-
tial water system tested L. pneumophila ST37–negative 
or had low water temperature or a technical problem 
reported in the 14 days before onset of illness. We 
added the criteria on water heaters to obtain enough 
controls because we retrospectively selected controls 
and environmental sampling might not have been 
considered necessary at that time.

Water Heater Inquiries
For cases and controls, the PHS made additional in-
quiries about water heaters <6 months before illness 
onset. Those inquiries collected information on the 
brand and type, installation date, setting (e.g., tap wa-
ter temperature, ECO setting designed to save ener-
gy), and any issues or errors with the heater remem-
bered by the patient or by their legal representative in 
case the patient was unable to provide information.

Environmental Sampling and  
Microbiological Investigation
The reference laboratory collected environmental sam-
ples, then genotyped those samples and clinical iso-
lates by using sequence-based typing and compared 
against European Working Group for Legionella Infec-
tions sequence-based typing database (10). To increase 
typing resolution, we calculated molecular serogroups, 
multilocus sequence typing (MLST) STs, and 1,521 lo-
cus core genome MLST (cgMLST) complex types in 
Seqsphere+ software version 7.7.5 (Ridom, https://
www.ridom.de) by automated allele submission to the 
Legionella pneumophila cgMLST server (11,12). 

We used allelic profiles to calculate distance ma-
trices by using a Hamming distance and ignoring 
pairwise missing loci. We used the allelic profile out-
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put to create minimum-spanning neighbor-joining 
trees on the basis of 1,535 core genomes, including the 
7 housekeeping genes for sequence-based MLST typ-
ing and 1,521 genomes for cgMLST. For context, we 
added cgMLST results of 3 randomly selected clinical 
ST37 isolates (1 each from 2012, 2015, and 2019) to the 
minimum-spanning tree.

Statistical Analyses
We calculated odds ratios (ORs), SEs, and 95% CIs 
to measure the strength of the association between 
newly installed brand A water heaters and LD cases 
with a ST37 clinical isolate, environmental sample, or 
both. Because >1 cell frequency was 0, we applied a 
Haldane-Anscombe correction (i.e., addition of 0.5 to 
each cell of the 2 × 2 table) (13,14). As a sensitivity 
analysis, we calculated an OR assuming all controls 
with missing data on the water heating system had a 
newly installed brand A water heater.

Results

Identification of Cases and Controls
We identified 23 LD cases with an illness onset date 
during May 2022–August 2023 (Figure 1). The median 
age of case-patients was 76 years; 10 (43%) were male 
and 13 (57%) were female. All case-patients were hos-
pitalized, and 4 (17%) died. Underlying conditions 
were reported for 16 (70%) and smoking for 5 (22%) 
case-patients. All LD cases were diagnosed by urine 
antigen test, 2 were also diagnosed by PCR, and 8 had 
an ST37 clinical isolate available (Table).

We identified a total of 56 persons with illness on-
set during December 2021–May 2023. The PHS was 
able to collect information about the home water heat-
ers for 31 of those patients, which we included as con-
trols; 14 (45%) of them had reported technical problems 
with the water heater, and 17 (55%) had L. pneumophila 
ST37–negative home sampling. The median age of the 
31 control-patients was 70 years; 18 (58%) were male 
and 13 (42%) were female. Most (97%, 30/31) control-
patients were hospitalized, and 3 (10%) died. Under-
lying conditions were reported for 14 (45%) control-
patients and smoking was reported for 12 (39%). Most 
(28/31; 90%) control cases were diagnosed using urine 
antigen test, 3 (10%) were diagnosed with PCR, and 7 
(23%) had a clinical isolate available.

Environmental and Microbiological Investigation
Among the 23 case-patients, 21 (91%) had a brand A wa-
ter heater installed <6 months before illness onset (Table, 
Figure 1). Two cases had a different water heater brand; 
1 had traveled abroad, and their infection likely was 
travel-associated. Environmental sampling was con-
ducted for homes of 21 cases, and L. pneumophila ST37 
was detected in 20 (95%), all of which had a brand A wa-
ter heater. No legionellae were detected in the home of 
the case-patient who had a different water heater brand. 
The homes of the travel-associated case-patient and 1 
case-patient with a brand A water heater could not be 
sampled. Of the 8 cases with a clinical L. pneumophila 
ST37 isolate, 4 had a genotypic match with environmen-
tal samples from the home water system; environmental 
sampling of the home was not performed for 3 cases, 
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Figure 1. Timeline of cases in an outbreak of Legionnaires’ disease linked to newly installed residential water heaters, the Netherlands, 
2022–2023. Timelines show calendar weeks for case-patient illness onset in 2022 (A) and 2023 (B). Numbered cases are from 2 
clusters (cluster 1 and cluster 2) in separate apartment buildings in the Netherlands. Red date is week public warning was issued.
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and for 1 case, the home sample was negative. The cas-
es were geographically spread across the Netherlands 
(Figure 2).

Odds of LD
None of the 31 controls had installed a new water 
heater of any brand <6 months before illness onset. 
Analysis showed that LD cases had a statistically 
significant association with a newly installed brand 
A water heater (OR 541.80 [95% CI 24.76–11,854.03]). 
That association might be overestimated because we 
identified the 56 controls retrospectively, and 25 could 
not be contacted. However, we conducted a sensitiv-
ity analysis by using the assumption that all 25 con-
trols with missing data had a newly installed brand A 
water heater, which still showed a statistically signifi-
cant association (OR 13.02 [95% CI 2.78–60.92]).

Whole-Genome Sequencing
We included 8 L. pneumophila ST37 isolates from LD 
cases related to this outbreak and 4 environmental 
isolates collected during source investigations for this 
outbreak in the whole-genome sequencing analysis. 
In addition, we included 3 L. pneumophila ST37 isolates 
unrelated to this outbreak from LD cases reported in 

2012, 2015, and 2019 for context. All isolates showed 
close relationships on the basis of cgMLST results and 
had a maximum of 6 alleles difference (Figure 3).

Outbreak Control Measures
The National Institute for Public Health and the En-
vironment informed the Netherlands Food and Con-
sumer Product Safety Authority (NVWA) in early 
2023 about the 2 LD clusters. After the case–control 
study and additional research at the water heater dis-
tributor in the Netherlands, the NVWA and the man-
ufacturer issued safety warnings on July 13, 2023. The 
NVWA ordered the distributor to contact all clients 
with brand A water heaters produced during January 
1, 2022–March 31, 2023, and to take necessary actions. 
The company implemented control measures, which 
included chemical disinfection of the residential wa-
ter systems and thermostatic mixer valves. Pending 
that disinfection, clients received a shower head with 
a filter to prevent exposure to legionellae.

Discussion
Newly installed brand A water heaters were identified 
as the most probable source of infection in this outbreak 
because all the available data from epidemiologic and 
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Table. Case characteristics in outbreak of Legionnaires’ disease linked to newly installed residential water heaters, the Netherlands, 
2022–2023* 

Case 
no. 

Cluster 
no. 

Illness onset 
date 

Age, 
y/sex Died 

Diagnostic 
method 

Legionella pneumophila serogroup 1 
detected, sequence type New brand A 

water heater 
Installation 

date Clinical Environmental Match† 
1 1 2022 Nov 76/F N UAT Y, ND Y, ST37 N Y 2022 Oct 
2 1 2022 Dec 70/F N Culture, UAT Y, ST37 Y, ST37 Y Y 2022 Oct 
3 1 2023 Jan 73/F N UAT Y, ND Y, ST37 N Y 2023 Jan 
4 1 2023 Jan 84/F N UAT Y, ND Y, ST37 N Y 2022 Oct 
5 2 2022 Dec 70/M N UAT Y, ND Y, ST37 N Y 2022 Oct 
6 2 2022 Dec 63/M Y UAT Y, ND Y, ST37 N Y 2022 Oct 
7 NA 2022 May 59/M N Culture, UAT Y, ST37 No sampling NA N; probable 

travel-associated 
case 

NA 

8 NA 2022 Jul 88/M N Culture, UAT Y, ST37 No sampling NA Y 2022 Jul 
9 NA 2022 Aug 62/M N Culture, 

PCR, UAT 
Y, ST37 No sampling NA Y 2022 Jul 

10 NA 2022 Sep 90/M Y UAT Y, ND Y, ST37 N Y 2022 Jun 
11 NA 2022 Oct 57/M N UAT Y, ND Y, ST37 N Y 2022 Oct 
12 NA 2023 Jan 85/M Y UAT Y, ND Y, ST37 N Y 2022 Nov 
13 NA 2023 Feb 76/F N Culture, UAT Y, ST37 Y, ST37 Y Y 2022 Aug 
14 NA 2023 Feb 82/F Y Culture, UAT Y, ST37 Y, ST37 Y Y 2022 Oct 
15 NA 2023 Mar 93/M N UAT Y, ND Y, ST37 N Y 2023 Jan 
16 NA 2023 Mar 71/F N UAT Y, ND Y, ST37 N Y 2023 Jan 
17 NA 2023 May 55/F N UAT Y, ND Y, ST37 N Y 2023 Mar 
18 NA 2023 May 69/M N UAT Y, ND Y, ST37 N Y 2023 Apr 
19 NA 2023 Jun 77/F N Culture, 

PCR, UAT 
Y, ST37 Y, ST37 Y Y <6 mo before 

illness onset  
20 NA 2023 Jul 58/F N UAT Y, ND Y, ST37 N Y 2023 Mar 
21 NA 2023 Jul 81/F N Culture, UAT Y, ST37 Negative N N >2 y before 

illness onset 
22 NA 2023 Aug 80/F N UAT Y, ND Y, ST37 N Y 2023 Jul 
23 NA 2023 Aug 77/F N UAT Y, ND Y, ST37 N Y 2023 Jul 
*NA, not applicable; ND, not determined; ST, sequence type; UAT, urinary antigen test. 
†Genotypical match between the clinical and environmental isolate, both containing Legionella pneumophila serogroup 1 sequence type 37. 

 



Legionnaires’ Disease Linked to Water Heaters

environmental investigations showed a clear link be-
tween the water heaters and cases of L. pneumophila 
ST37 infection. Our case–control study confirmed that 
cases were associated with newly installed brand A 
water heaters with a large and highly significant OR. 
However, because of the partially retrospective de-
sign, data on the brand of water heater were missing 
for many (25/56) controls. Therefore, we performed a 
sensitivity analysis assuming strong bias toward the 
null, which still showed a statistically significant as-
sociation (OR 13.02 [95% CI 2.78–60.92]). Of note, the 
L. pneumophila ST37 patient isolates and environmental 
strains found in this cluster were also closely related by 
cgMLST to isolates from 3 LD cases reported in 2012, 
2015, and 2019 in patients not related to this cluster. 
That finding aligns with previous studies reporting on 
the genomic population structure of L. pneumophila iso-
lates that made similar observations for some STs, in-
dicating that isolates can be genetically closely related 
but not epidemiologically linked (15–17).

At the start of the outbreak, the drinking water sup-
ply was also considered as a possible source of infec-
tion but was swiftly ruled out after assessing the geo-
graphic distribution of the cases, the ORs, and detection 
of L. pneumophila ST37 only in warm, not cold, water 
samples. The geographic distribution of the LD cases 
and their homes across the country showed that they 
were connected to various drinking water companies 
and nothing indicated that L. pneumophila ST37 was in 
drinking water supplied by those companies. That ob-
servation is supported by environmental samples taken 
during 2012–2021 as part of source investigation by the 
reference laboratory of the Netherlands. The reference 
laboratory sampled 984 sources, including the homes of 
316 LD patients, and found L. pneumophila ST37 in only 
0.4% of all sources (18,19). Furthermore, only 3.4% of 
L. pneumophila clinical isolates during that period were 
ST37 (18,19).  Of note, the sampling results in cluster 
1 indicated this strain possibly has a high virulence 
because a low concentration (<1.000 CFU/L) of ST37 
caused multiple LD cases. Therefore, ST37 would have 
been found more often in potential sources or in the 
clinical isolates if the strain were commonly in drink-
ing water in the Netherlands, even in low concentra-
tions. Finally, we also looked at possible introduction of 
ST37 in the drinking water system by other sources. In 
the building of cluster 1, a device to control the water 
pressure had been replaced during 2022, but that device 
was not replaced in the building in cluster 2 or for any 
of the other cases. Source finding history did not show 
any other sources of L. pneumophila ST37 introduction 
into the water system of the homes of the patients or any 
other common sources of exposure.

On the basis of the questionnaire and tempera-
tures measured at sampling, we did not find specif-
ic risk factors related to the temperature settings or 
other common issues or errors with the water heat-
ers. At most homes, the hot water temperatures at the 
tap were >55°C. Some water heaters were set on Eco 
mode (energy efficient), resulting in low temperatures 
for the first few minutes. How often and for how long 
the patients used the hot water is not known. 

The brand A water heater is also sold in several 
other countries in Europe. To identify possible cas-
es in those countries, we issued a warning through 
EpiPulse, an online infectious disease surveillance 
portal for Europe managed by the ECOC, but no 
other countries reported LD cases. However, sev-
eral countries communicated that they might be 
unable to detect such cases because detailed case 
finding information with environmental investiga-
tions and typing of isolates are not routinely per-
formed in those countries. Furthermore, unlike the 
Netherlands, many countries use biocides in their 
drinking water system, which could explain why 
no cases have been observed in other countries. In 
the Netherlands, chemical or thermal disinfection 
is also not mandatory after water heater installa-
tion, which could explain why no cases have been 
observed in other countries.
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Figure 2. Locations of Legionnaires’ disease cases linked to 
newly installed residential water heaters, the Netherlands, 2022–
2023. Two clusters (cluster 1 [4 cases] and cluster 2 [2 cases]) 
were identified in 2 apartment buildings. 
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The brand A water heater had a flow-through sys-
tem without a storage tank, so the legionellae growth 
cannot be explained by stagnant water with tempera-
tures of 25°C–50°C degrees or thermal stratification in 
the hot water storage tank, which is known to pose a 
higher risk for legionellae growth (20). However, a plau-
sible explanation for introduction of legionellae into the 
water system is that a small amount of test water con-
taining L. pneumophila ST37 remained in the heater after 
the production process and that microorganisms were 
able to create a biofilm, enabling L. pneumophila to sur-
vive. All heaters are tested with water for possible leak-
age before distribution. During the investigation into 
the clusters, the reference laboratory confirmed that a 
small (≈30 mL) amount of water was in new water heat-
ers still in storage. We hypothesize that after water heat-
er installation, L. pneumophila was released into the hot 
water system in the home and was able to grow in the 
pipes, shower hoses, and shower heads, subsequently 
causing infection. However, before the safety warning, 
no L. pneumophila ST37 was detected by the reference 
laboratory in samples from the small amount of water 
in the water heaters still in storage.

Further research is necessary to assess the risk for L. 
pneumophila contamination in water heaters causing in-
fections and provide evidence-based policy recommen-
dations for infection prevention and control. Previous 
research has documented that L. pneumophila is able to 
enter a viable but nonculturable state and later resus-
citate in the right environment (21,22), which might 
explain how the bacteria in the LD clusters survived 
in storage for months. However, more data are needed 
to elucidate how L. pneumophila ST37 entered the wa-
ter heaters, how the bacteria were able to grow in the 
plumbing system despite high water temperatures, and 

whether energy-saving designs like Eco Mode result in 
lower temperatures and an increased risk for bacterial 
growth. Further research also is needed to determine 
whether L. pneumophila infection is specific to brand A 
water heaters or if similar infections could occur in wa-
ter heaters from other brands as well.

In conclusion, L. pneumophila in plumbing sys-
tems is widely reported, often in relation to water 
temperatures of 25°C–50°C, stagnant water, or low 
biocide levels. The risk for legionellae growth in ther-
mostatic valves and biofilms in shower hoses also is 
well known (23–26). This study demonstrated the val-
ue of legionellae control measures during production 
or installation of water devices and that a new device 
could pose a risk for introduction of L. pneumophila 
into a water system. Manufacturers of water heaters 
or fittings for plumbing systems that are tested with 
water should ensure devices are clean and dry be-
fore packaging and should control for L. pneumophila 
growth in the test water. Furthermore, this outbreak 
emphasizes how vital an adaptable surveillance sys-
tem, environmental investigations, typing of isolates, 
and alert public health workers are for detecting pre-
viously unrecognized sources of L. pneumophila.
Ethical approval was not obtained for the study because 
these data were collected as part of routine surveillance.

Raw sequence data was submitted to the National Center 
for Biotechnology Information Sequence Read Archive 
(https://www.ncbi.nlm.nih.gov/sra; accession no. 
PRJNA1453490).

About the Author
Dr. Reukers is an epidemiologist at the National Institute 
for Public Health and the Environment in the Netherlands. 
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Figure 3. Genomic links among 
Legionella pneumophila isolates 
from reference sources and from 
an outbreak of Legionnaires’ 
disease linked to newly installed 
residential water heaters, the 
Netherlands, 2022–2023. 
Minimum-spanning tree was based 
on 1,521 core genome sequencing 
typing targets showing genomic 
links between L. pneumophila 
isolates from 8 clinical (red font) 
and 4 environmental (blue font) 
sequence type 37 isolates related 
to the outbreak, as well as 3 
randomly selected non–outbreak-
related sequence type 37 isolates 
from 2012, 2015, and 2019 for 
context (black font). Numbers on 
nodes indicate allele differences.
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Her work focuses on infectious disease surveillance and 
research of respiratory infections, such as legionellosis,  
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 Trichinellosis Linked to Undercooked Bear Jerky

Trichinella spp. are parasitic nematodes that can 
cause trichinellosis (also called trichinosis) when 

humans consume infected, undercooked meat. Trichi-
nellosis is a reportable disease in North Carolina, USA. 
Only 3 cases were reported during 1991–2022, and 
no outbreaks were reported during the same period. 
Historical reports suggest very low incidence locally 
(1,2). In November 2023, a probable trichinellosis out-
break was reported, and undercooked bear meat was 
the likely source (3). A year later, in November 2024, 
a public health investigation was initiated when a cli-
nician reported a hospitalized patient with suspected 
trichinellosis. This patient had shared wild bear meat 
with 5 other persons in the form of jerky (desiccated 
meat). The Graham County Health Department and 
North Carolina Division of Public Health (NCDPH) 
investigated to characterize cases and provide public 
health guidance to prevent further illness.

Methods
The week after the November 2024 report, public 
health officials identified and interviewed 6 persons 
who consumed the bear jerky. We used the 2014 case 
definition from the Council for State and Territorial 
Epidemiologists (4) for case classification. We defined 

probable cases as the presence of clinically compatible 
symptoms in a person who shared an epidemiologi-
cally implicated meal or ate a meat product in which 
the parasite was found. We defined confirmed cases as 
the presence of clinically compatible symptoms with 
a positive laboratory test such as Trichinella antibody 
screening. Clinically compatible signs and symptoms 
included fever, myalgia, periorbital edema, and eosin-
ophilia. This activity was reviewed by the Centers for 
Disease Control and Prevention (CDC), was deemed 
not research, and was conducted consistent with ap-
plicable federal law and CDC policy.

The bear was hunted in Graham County in west-
ern North Carolina at the start of bear season (Octo-
ber). Approximately half the meat was frozen as vari-
ous cuts and half was prepared as jerky without prior 
freezing. Because the process involved only marina-
tion and dehydration, the jerky preparation likely 
did not reach the suggested >165°F (>74°C) internal 
temperature necessary to kill Trichinella spp. para-
sites. At the time of notification, purportedly no jerky 
remained, but 4 remaining frozen meat pieces were 
sent for testing at the CDC’s Division of Parasitic Dis-
eases and Malaria, National Center for Emerging and 
Zoonotic Infectious Diseases.

The implicated bear jerky was shared among 6 per-
sons. Trichinellosis symptoms developed in 3 persons, 
including 1 who was hospitalized with severe symp-
toms characteristic of trichinellosis: periorbital edema, 
eosinophilia, and muscle weakness. The patient’s phy-
sician had read of an outbreak of trichinellosis in west-
ern North Carolina reported in Morbidity and Mortal-
ity Weekly Report (3) and informed NCDPH. Public 
health officials advised those involved to cease further 
jerky consumption. State wildlife officials emailed a 
notice to a listserv of registered hunters about proper 
handling and cooking of bear meat.
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Trichinella spp. nematodes are parasites that can cause 
trichinellosis in humans after consumption of infected, 
undercooked meat. A November 2024 trichinellosis out-
break in western North Carolina, USA, resulted in 3 cas-
es (2 probable, 1 confirmed), all linked to undercooked 
bear jerky. In total, 6 persons consumed the implicated 
meat (attack rate 50%). Molecular testing identified Trichi-
nella spiralis in leftover meat from the same bear. This 
outbreak provides evidence of changing trichinellosis 
patterns. Low-cost safety measures and prevention ef-
forts regarding safe wild game preparation are needed to 
avoid future outbreaks.

 
Table 1. Case classification, demographics, and symptoms for all persons who consumed undercooked bear jerky in trichinellosis 
outbreak in North Carolina, USA, 2024 * 

Characteristics 
Age grouping 

20–29 50–59 20–29 30–39 20–29 Unknown 
Sex M M F M M M 
Classification Confirmed Probable Probable Not a case Not a case Not a case 
Symptomatic Yes Yes Yes No No No 
Hospitalization Yes No No NA NA NA 
Treatment† Yes Yes Yes NA NA NA 
Symptom onset, days 25 38 31 NA NA NA 
Eosinophil count, K/µL (%)‡ 3.69 (22) Not performed Not performed NA NA NA 
Symptoms Fever, myalgia, 

photophobia, muscle 
weakness, periorbital 

edema, subungual and 
retinal hemorrhage, 

elevated CRP, eosinophilia 

Fever, myalgia 
 
 

Myalgia NA NA NA 

*CRP, C-reactive protein; NA, not applicable. 
†Primary treatment was albendazole. 
‡Reference range 0.00–0.50 K/µL (0.0%–7.0%). 
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Results
The overall attack rate was 50% (n = 3), including 
probable cases in persons who ate the implicated 
meal and reported symptoms (Table 1). For con-
firmed cases only, the attack rate was 16% (n = 1). 
Median incubation period for symptomatic cases 
was 33 (range 27−40) days. The hospitalized patient 
was tested for Trichinella IgG twice. The first results 
were negative (collected 12 days after symptom 
development), but convalescent serum results (col-
lected 31 days after symptom development) were 
positive (Table 2). Public health officials advised the 
remaining symptomatic persons of the value of test-
ing, including convalescent testing, because of po-
tential early false negatives. However, because they 
did not have health insurance, both were discour-
aged by the high cost (>$200) of testing. All symp-
tomatic persons were treated with albendazole and 
recovered (Table 1).

CDC’s Division of Parasitic Diseases and Malaria 
tested 4 bear meat specimens. The meat was frozen 
at an unknown temperature for >57 days. Testing 
found encapsulated Trichinella spp. larvae in all 4 
specimens; the parasite loads ranged from 18.6 to 47.9 
larvae/g (Figure; Table 3). Two specimens contained 
a few larvae with very slight motility. Molecular test-
ing using real-time PCR targeting the encapsulated 
North American Trichinella spp. identified the larvae 
as T. spiralis nematodes (Table 3).

Discussion
We describe a trichinellosis outbreak in western North 
Carolina, providing additional evidence of changing 
trichinellosis patterns. Trichinellosis was rarely re-
ported in North Carolina until 2023, when a probable 

outbreak of trichinellosis resulted in 10 symptomatic 
cases (3). However, the causative Trichinella species 
could not be determined. In the outbreak described in 
this article, T. spiralis nematodes were identified from 
leftover meat. This finding was somewhat unexpect-
ed because T. spiralis infection is rarely reported from 
bear meat, compared with rates for other Trichinella 
spp.(6). Wildlife disease surveillance is needed to up-
date our knowledge of Trichinella prevalence, host af-
finities, and associated public health risks. 

The outbreak we report also underscores the need 
for prevention to avoid painful, debilitating infec-
tions. Despite the risk for severe disease from trichi-
nellosis, including persistent myalgia or even death, 
persons preparing wild game and other potentially 
affected meats for consumption still neglect to follow 
the recommended cooking measures. Furthermore, 
provider awareness of trichinellosis can help enable 
appropriate treatment and guide public health action. 
Treatment of trichinellosis is typically with albenda-
zole or mebendazole and can be supplemented with 
steroid drugs for severe cases (7).

Trichinellosis is rare in the United States. The 
disease was once mostly associated with pork, but 
changes in husbandry practices coincided with a de-
crease in trichinellosis cases domestically (8). More 
recently, the few cases reported each year are mostly 
associated with consumption of wild game meat (8), 
with bear meat being the suspected or confirmed 
food source for recently reported outbreaks in the 
United States (9). The trichinellosis outbreak report-
ed in this article and the 2023 probable outbreak in 
North Carolina (3) were both linked to undercooked 
bear meat harvested in-state. An increasing number 
of bears are harvested each year in North Carolina; 
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Table 2. Trichinella antibody testing timeline and results from patient who consumed undercooked bear jerky in trichinellosis outbreak 
in North Carolina, USA, 2024 

Age group Sex Classification 
First IgG test 

timepoint 
First IgG test 

result 
Second IgG test 

timepoint 
Second IgG test 

result 
20–29 M Confirmed 37 days after meal* Negative 56 days after meal* Positive 
*On the basis of initial consumption of bear jerky. 

 

Figure. Trichinella spiralis larva 
from contaminated bear meat 
recovered from investigation 
into trichinellosis outbreak in 
North Carolina, USA, 2024. A) 
Encapsulated T. spiralis larva 
in squash prep of bear meat. B) 
Liberated T. spiralis larva after 
artificial pepsin-hydrochloric 
acid digestion shown under 
differential interference contrast. 
Scale bars equal 500 µm.
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≈1,500 were harvested in 2023 (10). In the United 
States and Canada, human trichinellosis outbreaks 
associated with bear meat are more commonly at-
tributed to infection with T. nativa nematodes (9,11), 
whereas contemporary outbreaks of T. spiralis in-
fection are mostly associated with consumption of 
wild boar (6). A report from 2003 suggested that 2 
T. nativa trichinellosis cases in Tennessee occurred 
because of a bear hunted in Canada (11), rather than 
in the southeastern United States. In Canada, polar 
bears and grizzly bears have been confirmed to carry 
Trichinella spp. nematodes (6).

Trichinellosis outbreaks associated with jerky 
prepared from bear (12) and other wild game (13) 
have been reported previously. In the outbreak de-
scribed in this article, jerky preparation consisted of 
marinade and drying steps that likely did not reach 
sufficient temperatures for safe consumption. Freez-
ing wild game meat before jerky preparation is some-
times recommended as a treatment step (https://
nchfp.uga.edu) but might not be sufficient for kill-
ing freeze-resistant Trichinella spp. nematodes, such 
as T. nativa (7,9). Although T. spiralis nematodes are 
usually considered freeze-susceptible, experimental 
infection trials have demonstrated persistent larval 
motility after several weeks of freezing, albeit with 
declining infectivity over time (14). The weak motil-
ity noted in larvae from this report is not evidence 
of persistent infectivity after freezing, but because 
of the uncertainties and potential diversity of Trichi-
nella in bear meat, freezing alone cannot be assumed 
to reliably eliminate infection risk. Cooking meat to 
an internal temperature >165°F (>74°C) verified by 
a meat thermometer remains the best method for 
killing all Trichinella species across different types of 
meat. Safe food handling practices, such as process-
ing raw or undercooked meat separately from other 
foods, can prevent trichinellosis spread by cross-
contamination (9,15).

Trichinellosis symptoms can be severe, and di-
agnosis can be challenging. Serologic testing for 
Trichinella IgG is often used to diagnose trichinello-
sis; however, IgG seroconversion might not be de-
tectable until weeks after infection, potentially caus-
ing false negatives if serum is collected during acute 
infection. Convalescent serum samples are crucial 

for diagnostic and public health purposes, but their 
acquisition remains challenging. In addition, health-
care visits, diagnostic tests, and treatment are more 
difficult for uninsured patients, as demonstrated by 
the 2 symptomatic patients who did not receive test-
ing during this outbreak. 

In conclusion, we report an outbreak of trichi-
nellosis in North Carolina that resulted from under-
cooked, locally harvested bear prepared as jerky, pro-
viding evidence of changing trichinellosis patterns. 
Low-cost safety measures can help prevent illness, 
and communication of disease prevention through 
safe wild game preparation is critical to avoid  
future outbreaks.
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The intestinal fluke Fasciolopsis buski is the 
largest trematode that parasitizes humans, 

reaching up to 75 mm in length (Figure 1). The 
genus Fasciolopsis was established by Arthur 
Looss in 1899 and the term derived from the 
Latin word fasciola, meaning small band, and 
the Ancient Greek suffix -oψίς (-opsis), mean-
ing resemblance, referring to the similarity 
with the members of the genus Fasciola. The 
species was named for the English surgeon 
George Busk (Figure 2), who identified the 
adult worm in 1852 from the duodenum of 
a sailor from India. The first comprehensive 
description of the species was provided by 

Edwin Lankester in 1857, and the parasite’s 
lifecycle was definitively clarified by Koan 
Nakagawa in 1921.

Fasciolopsiasis is a foodborne trematodia-
sis that is endemic in rural areas of South and 
Southeast Asia. The parasite affects both hu-
mans and pigs, and the latter acts as the main 
zoonotic reservoir for the parasite. The cercari-
ae, released into the water by various species of 
planorbid snails, encyst on underwater vegeta-
tion. Infection occurs via ingestion of metacer-
cariae on the surface of the water or encysted 
on freshwater edible plants.

Figure 2. Photograph 
of George Busk for 
whom Fasciolopsis 
buski is named. Source: 
Wellcome Library, 
London, UK.

Figure 1. Adult Fasciolopsis buski fluke. Photograph 
credit: DPDx (https://www.cdc.gov/dpdx). 
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Human T-cell leukemia virus 1 (HTLV-1) remains 
a neglected retrovirus, despite its potentially 

severe consequences: adult T-cell leukemia or lym-
phoma and HTLV-1–associated myelopathy. In ad-
dition to those 2 severe diseases, >14 clinical condi-
tions have been shown to be associated with HTLV-1, 
including infective dermatitis, uveitis, lung disease, 
tuberculosis, and severe strongyloidiasis. Persons 
with HTLV-1 experienced higher risk of death (1). 
Transmission occurs through breastfeeding, sexual 
contact, needle sharing, and blood products (2). Most 
persons infected with HTLV-1 remain asymptomatic. 
The risk for adult T-cell leukemia or lymphoma, the 
most severe disease caused by HTLV-1, is estimated 
to be up to 20% after early life infection (3). HTLV-1 
has no current effective treatment; therefore, empha-
sis should be placed on detection and prevention. We 
reviewed knowledge about HTLV-1 mother-to-child 

transmission (MTCT) and existing policies for HTLV-
1 prevention and consider why and how the HIV 
management field should play a role in the preven-
tion of HTLV-1 MTCT.

Epidemiology of HTLV-1 Infection and  
Risk for MTCT
The total estimate of people living with HTLV-1 
infection ranged from 5 to 10 million in 2012, but 
that number was probably underestimated (2). In 
collaboration with member states and partners, 
the World Health Organization (WHO) works to 
develop guidance on HTLV-1 surveillance meth-
ods, including those used to determine prevalence. 
Distribution of HTLV-1 infection prevalence var-
ies widely throughout the world. High-prevalence 
countries are defined by a prevalence in the general 
population of >1%. Regions identified as high ende-
micity areas include southern Japan, the Caribbean, 
areas of South America and tropical Africa, and foci 
in the Middle East, Australia, and Melanesia (4). In 
Europe, prevalence is low except in Romania and 
possibly Moldova (4,5).

HTLV-1 is mainly transmitted sexually (more 
often male-to-female) or vertically by breastfeeding. 
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Human T-cell leukemia virus 1 (HTLV-1) is a neglected 
retrovirus affecting 5–10 million persons worldwide. 
Most infections are asymptomatic, but HTLV-1 can 
cause adult T-cell leukemia or lymphoma and HTLV-
1–associated myelopathy. Although mother-to-child 
transmission through breastfeeding is preventable, few 
countries have policies that include antenatal screening. 
The World Health Organization recommends integrating 
HTLV-1 into HIV and sexually transmitted infection strat-
egies. HIV guidelines in high-income countries increas-
ingly support breastfeeding under controlled conditions,  

creating increased risk for unrecognized HTLV-1 trans-
mission. We reviewed existing policies for HTLV-1 
mother-to-child transmission and considered integration 
of HTLV prevention into HIV response. We discovered 
inconsistent guidance across HIV, pediatric, and obstet-
ric fields, leading to conflicting counseling of expect-
ant mothers. Integration of HTLV-1 prevention into HIV 
guidelines and harmonization with maternal and child 
health policies is essential for awareness among provid-
ers. Prevention through screening and avoiding breast-
feeding remains the cornerstone of HTLV-1 control.
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Approximately 20% of breastfed infants of HTLV-1  
infected mothers acquire HTLV-1, compared with 
<5% if breastfeeding is avoided (2,6).

Existing Policies and Guidelines for 
Prevention of HTLV-1 MTCT
Recently, WHO has recognized HTLV-1 as a global 
concern and listed prevention of HTLV-1 MTCT as 
a goal for 2030 (7). WHO has undertaken consul-
tations with member states and partners and pub-
lished a 2021 technical report that summarized exist-
ing policies and guidelines for preventing HTLV-1 
transmission and treating those with HTLV-1–as-
sociated diseases (8). According to the report, Japan 
has implemented a nationwide program for prevent-
ing HTLV-1 MTCT, including universal antenatal 
screening and counseling for breastfeeding avoid-
ance if positive (9). Some territories in the Caribbean 
also screen pregnant women for HTLV-1 (e.g., Gre-
nada, Saint Lucia), and the Organisation of Eastern 
Caribbean States recommends screening pregnant 
women and exclusive formula feeding (10). Among 
high-prevalence countries, Seychelles also screens 
all pregnant women for HTLV-1 and recommends 
avoiding breastfeeding in case of positivity. The 
Pan American Health Organization (PAHO) and its 
member states established targets and goals for the 
elimination of HTLV vertical transmission through 
public health programs. The PAHO goal is to achieve 
a <5% of vertical transmission rate through an ex-
pected HTLV screening coverage of 95% of pregnant 
women and >90% of babies exposed to possible ver-
tical transmission and intervention implementation 
of >90% to prevent transmission (11). 

Among low-prevalence countries, France rec-
ommends screening of breast milk donors and 
pregnant women from endemic regions, such as the 
Caribbean, Africa, Japan, and Southeast Asia (12). 
Despite those recommendations, implementation of 
HTLV-1 antenatal screening is low in France except 
in overseas territories in South America (French 
Guiana) and the Caribbean (Martinique and Gua-
deloupe) (13). In the United Kingdom, screening of 
all breast milk donors is mandatory (14). Howev-
er, the UK National Screening Committee advised 
against HTLV-1 universal antenatal screening and 
is currently assessing targeted antenatal screening 
for pregnant women who are at high risk for liv-
ing with HTLV-1 (15). Testing for HTLV-1 is already 
recommended in women from high endemic re-
gions in the UK health migrants guide (16). Experts 
from Spain advocate for expanding HTLV-1 screen-
ing in Europe (17).

Epidemiologic Similarities Between  
HIV and HTLV-1
WHO suggested integrating HTLV-1 control mea-
sures into existing HIV and sexually transmitted infec-
tion interventions (7). A first step of this implementa-
tion could be HTLV-1 antenatal screening in women 
living with HIV, in agreement with guidelines that 
recommend HTLV-1 testing in high-risk pregnant 
women. HTLV-1 and HIV share the same transmis-
sion routes and similar high prevalence regions. In a 
study conducted in Brazil in several epidemiological-
ly relevant groups, the prevalence of HTLV-1 infec-
tion was higher among HIV-positive persons (18). In 
Gabon, screening for HTLV-1 infection in those living 
with HIV revealed a high rate of co-infections, reach-
ing 7% of the population (19). Co-infections were far 
more prevalent in women. In HTLV-1 low prevalence 
countries, HTLV-1 infection might be higher in wom-
en living with HIV. The last report from the European 
Centre for Disease Prevention and Control regarding 
HIV/AIDS surveillance revealed an increased num-
ber of HIV diagnoses in the European Union and 
European economic area and countries to the west of 
the region in 2023 compared with 2022. The increase 
is primarily because of a rise in persons diagnosed 
with HIV originating from sub-Saharan Africa and 
continued high rates among those originating from 
central and eastern Europe, Latin America, and the 
Caribbean (20). Several studies conducted in Europe 
suggest a higher prevalence of HTLV-1 infection in 
migrants, especially in women (21). In France, similar 
to the United Kingdom, HTLV-1 testing is included 
in the health screen of newly arrived migrant women 
of reproductive age (16,22). The European Centre for 
Disease Prevention and Control, however, did not 
mention HTLV-1 infection in its guidelines on screen-
ing and vaccination for infectious diseases in newly 
arrived migrants within the European Union and Eu-
ropean economic area (23).

HIV and Breastfeeding, the Evolving Context
Current WHO guidelines recommend lifelong anti-
retroviral treatment for pregnant and breastfeeding 
women living with HIV. Mothers living with HIV 
who are on antiretroviral therapy should exclusively 
breastfeed their infants for the first 6 months, intro-
ducing appropriate complementary foods thereaf-
ter, and continue breastfeeding for >12 months (24). 
In low- and middle-income countries, the decision 
regarding whether mothers living with HIV should 
breastfeed is made on the basis of balancing the risk 
for HIV transmission through breastfeeding with the 
increased risk for illness and death in the absence of 

Risk for HTLV Transmission with Breastfeeding
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a safe diet without breast milk. Most Latin Ameri-
can countries recommend mothers living with HIV 
to avoid breastfeeding and provide infant formula 
(25). Exclusive breastfeeding for the first 6 months is 
an alternative guideline when formula feeding is not 
acceptable, feasible, affordable, sustainable, and safe 
(25). In Guatemala, mothers are given the option to 
choose breastfeeding or formula feeding after being 
fully informed about the risks and benefits of differ-
ent feeding methods. Argentina and the Caribbean 
nation of Trinidad and Tobago have recently updated 
their breastfeeding HIV guidelines to state that moth-
ers living with HIV who choose to breastfeed are 
closely monitored and should adhere strictly to anti-
retroviral treatment (25). Similarly, recent changes in 
high-income countries HIV guidelines have marked a 
shift in favor of breastfeeding under controlled condi-
tions. For decades, formula feeding was the standard, 
but the accumulated evidence has demonstrated that 
the risk for HIV transmission is negligible when un-
detectable viremia is maintained during pregnancy. 
Because of this negligible risk, countries such as the 
United Kingdom and Switzerland now recommend 
or enable breastfeeding with appropriate monitoring 
(26,27). A survey conducted in 2022 by the European 
AIDS Clinical Society revealed that 23 of 25 countries 
in Europe had specifically mentioned breastfeeding 
in their HIV and pregnancy guidelines (28). Among 
those countries, 11 offered breastfeeding as an op-
tion under certain conditions. Since publication of the 
survey, France has also begun enabling breastfeed-
ing in women living with HIV under strict virologic 
and clinical criteria (29). The last update of European 
AIDS Clinical Society guidelines, however, generally 
discouraged breastfeeding, stating it should only be 
considered if maternal viral load is undetectable and 
with close follow-up (30). Similarly, the US Depart-
ment of Health and Human Services, the Canadian 
Paediatric and Perinatal HIV/AIDS Research Group, 
and the Australasian Society for HIV, Viral Hepati-
tis and Sexual Health Medicine continue to support 
exclusive formula feeding as the preferred method 
for infants born to women living with HIV; although 
they have included in their guidelines breastfeeding 
options for women on antiretroviral therapy with 
sustained undetectable viral load (31–33).

Prevention of HTLV-1 MTCT in Guidelines
This evolution in practice regarding HIV and breast-
feeding requires maintaining attention to other ver-
tically transmitted viruses, particularly HTLV-1 (34). 
Indeed, there is a potential overlap of women living 
with HIV in high-income countries and those at high 

risk for having HTLV-1 infection. WHO’s guidance 
is clear: HIV-positive women on antiretroviral treat-
ment with suppressed viral load should breastfeed 
for >12 months in low- and middle-income coun-
tries (24). WHO does not have guidance yet regard-
ing HTLV-1 MTCT. In WHO’s technical report sum-
marizing existing policies for preventing HTLV-1 
transmission, breastfeeding appeared to be contrain-
dicated for HTLV-1–infected mothers (8). Similarly, 
in the technical note of PAHO on good practices, 
the preferred recommendation for HTLV-1–infected 
mothers is exclusive formula feeding, short-term 
breastfeeding being an alternative in settings where 
formula feeding is not acceptable, feasible, afford-
able, sustainable, and safe (ideally <3 months) (11). 
Because HIV care increasingly includes breastfeeding 
in high-income countries, the risk of unrecognized 
HTLV-1 transmission in migrant or co-infected popu-
lations is real (18,19,21). Pregnant women living with 
HIV, especially those from HTLV-1 endemic regions, 
should be offered HTLV-1 screening as part of rou-
tine antenatal care. Early diagnosis enables informed 
counseling and infant feeding alternatives.

HTLV-1 prevention messages remain fragmented 
across disciplines (22,35). Pediatric and gyneco-obstet-
ric guidelines might recommend screening of at-risk 
women or infants and contraindicate breastfeeding 
in infants born to mothers infected with HTLV-1, yet 
HIV-specific guidelines often fail to mention HTLV-
1 altogether (29,30,35–45). High-income countries 
should take advantage of low- and middle-income 
countries’ experience. In Brazil, for example, HTLV-
1 testing is recommended for all persons living with 
HIV, at baseline visit, in the HIV clinical protocol 
and therapeutic guidelines (46). In the Organisation 
of Eastern Caribbean States guidelines for sexually 
transmitted infections, HTLV testing is recommend-
ed for anyone living with HIV (47).

We illustrate the divergence between HIV guide-
lines, which increasingly support breastfeeding, and 
national breastfeeding guidelines, and often con-
traindicate it for HTLV-1 (Appendix Table, http://
wwwnc.cdc.gov/EID/article/32/7/25-1525-App1.
pdf). Only Japan integrated HTLV-1 into both HIV 
and maternal–child health policies. In addition, HIV 
guidelines almost never mention HTLV-1, whereas 
obstetric and pediatric guidance might list it as a for-
mal contraindication. In 2024, the PAHO included 
HTLV-1 in the mother-to-child HIV, syphilis, hepa-
titis B and C, and Chagas elimination protocol (11).

Integration of HTLV-1 information into HIV 
guidelines is essential but should also be accompa-
nied by dissemination through obstetric, midwife, 
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pediatric, infectious disease, and migrant health-
care pathways to ensure visibility and implementa-
tion (7,8). Implementation of counseling regarding 
HTLV-1 could be easier in the context of HIV in-
fection, because breastfeeding counseling on trans-
missible infections is already routinely done (48). 
Implementation could also enable specific research, 
including evaluating the effect of certain antiretrovi-
ral treatments and their role in elimination of HTLV-
1 MTCT (49,50).

In conclusion, HTLV-1 MTCT is preventable 
but neglected. Because HIV guidelines increasingly 
support breastfeeding, not including HTLV-1 repre-
sents a missed opportunity and a public health risk. 
Women living with HIV, particularly from HTLV-
1–endemic regions, should be systematically offered 
HTLV-1 screening as part of antenatal care. To be ef-
fective, prevention strategies should not remain iso-
lated. Articulation and harmonization between HIV, 
obstetrics, pediatrics, and public health guidelines 
are urgently needed to ensure consistent counseling, 
avoid contradictory messages, and to raise aware-
ness among all healthcare providers. Leveraging HIV 
MTCT programs offers the most practical pathway to 
reduce HTLV-1 transmission. The HIV field has the 
expertise and infrastructure to lead the way. Failure 
to integrate HTLV-1 prevention can result in a silent 
epidemic of preventable infections.
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etymologia revisited
Lassa Virus
[lah sə] virus

This virus was named after the town of Lassa at the south-
ern end of Lake Chad in northeastern Nigeria, where the 

first known patient, a nurse in a mission hospital, had lived 
and worked when she contracted this infection in 1969. The 
virus was discovered as part of a plan to identify unknown 
viruses from Africa by collecting serum specimens from pa-
tients with fevers of unknown origin. Lassa virus, transmitted 
by field rats, is endemic in West Africa, where it causes up to 
300,000 infections and 5,000 deaths each year.
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Balamuthia mandrillaris is a free-living ameba classi-
fied within the phylum Amoebozoa, class Disco-

sea, order Centramoebida, and family Balamuthiidae 
(1,2). B. mandrillaris are ubiquitously distributed in 
nature and exhibit 2 developmental stages: the tro-
phozoite and the cyst. The trophozoite is 12–60 μm 
in diameter and is characterized by a round nucleus 
with a large, spherical, densely staining nucleolus. 
However, trophozoites with 2 or 3 nucleolar bodies 
have been seen, especially in infected tissues, which 
is a distinguishing feature in early diagnosis of B. 
mandrillaris infection (3). Trophozoites often display 
prominent spiny projections and pseudopodia. Un-
der unfavorable environmental conditions, such 
as desiccation, extreme temperatures, or exposure 
to chemicals, trophozoites differentiate into cysts 
(4). The cysts are spherical, measuring 12–30 μm in  

diameter, with a single nucleus. The cyst wall appears 
double-layered under light microscopy and triple-
layered under electron microscopy (3).

Previous studies have established that soil, water, 
and dust are the principal environmental reservoirs 
of B. mandrillaris and that the organism can enter 
the human body through breaches in the cutaneous 
barrier or through the lower respiratory tract (5). 
An additional report suggested that B. mandrillaris 
might invade the central nervous system through 
the olfactory nerve (6). Several case reports have also 
confirmed possible transmission through solid organ 
transplantation (7,8).

Globally, cases of B. mandrillaris infection have 
been reported on 5 continents, excluding just Africa 
and Antarctica. Most cases occur in hot, arid tropical 
and subtropical regions, particularly in the warm cli-
mate of the southwestern United States, tropical areas 
of Peru, and subtropical regions of China (9).

B. mandrillaris infection predominantly involves 
2 organ systems in humans, the skin and the central 
nervous system (CNS). Cutaneous disease most fre-
quently affects the nose, followed by the knees; other 
sites, such as the buttocks, thighs, arms, and chest, 
might also be involved. Lesions can be solitary or 
multifocal and usually manifest as asymptomatic, 
well-demarcated plaques with slightly raised annular 
borders; ulceration is uncommon (3). Lesion size rang-
es from 1 cm to several centimeters, and lesions typi-
cally have a reddish to dark red hue. The affected skin 
typically retains normal sensation and demonstrates 
a firm, rubbery, cartilaginous, or stone-like consisten-
cy on palpation (10). The cutaneous course is gener-
ally chronic, persisting for months to years. Without 
timely intervention, hematogenous dissemination to 
the CNS may occur (4). When the CNS is involved, 
the predominant clinical manifestation is granuloma-
tous amebic encephalitis (GAE), also referred to as B. 
mandrillaris amebic encephalitis. The disease typically  
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Balamuthia mandrillaris is a highly lethal free-living 
ameba that primarily affects the skin and central ner-
vous system, manifesting clinically as chronic granulo-
matous lesions and granulomatous encephalitis. Once 
the central nervous system is involved, the mortality 
rate exceeds 90%. No standardized treatment regimen 
has yet been established. In this review, we summa-
rized 66 cases reported from China. The median pa-
tient age was 36 years (range 10 months–77 years); 
62.12% patients were male and 37.88% female. Fifty-
five (83.33%) patients were immunocompetent. For 42 
(63.64%) patients, initial symptoms were cutaneous 
manifestations; of those, central nervous system in-
volvement subsequently developed in 25 (59.52%) pa-
tients. Twenty-four (36.36%) patients were hospitalized 
initially with encephalitis. Among the 63 patients with a 
known outcome, 43 (68.25%) succumbed to infection. 
For patients with cutaneous-only disease, the survival 
rate was 93.75%, whereas once the central nervous 
system was affected, mortality reached 96.00%.

1These first authors contributed equally to this article.
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follows an acute to subacute course and manifests 
with nonspecific neurologic symptoms. Early fea-
tures include headache, nausea, vomiting, fever, 
somnolence, gait disturbance, and impairments of 
consciousness and speech. When infection progress-
es rapidly, seizures, coma, and ultimately death can 
ensue (3,10). Once the CNS is affected, the mortality 
rate approaches 90% (11). Because of the nonspecific 
manifestation, CNS infection is often initially misdi-
agnosed as brain abscess, tumor, neurocysticercosis, 
or acute disseminated encephalomyelitis (11). Bala-
muthia appears capable of infecting both immuno-
competent and immunocompromised persons. Previ-
ous reports in the United States have indicated that 
only 39% of patients were immunocompromised (11).

Given the rarity of this disease, the epidemiol-
ogy and clinical features for B. mandrillaris infection 
in China remain incompletely characterized. To ad-
dress this gap, we summarized all reported cases of 
B. mandrillaris infection in China, with the objective 
of delineating the epidemiology and clinical features.

Methods
We conducted a comprehensive literature review to 
identify reported cases of B. mandrillaris infection in 
China. We included published articles in PubMed 
and the China National Knowledge Infrastructure 
through September 2025 using the following search 
terms: free-living amoebae, Balamuthia mandrillaris, 
infection, encephalitis, case report, diagnosis, treat-
ment, and China. We conducted searches in English 
and Chinese. Two authors (T.Y. and Y.L.) indepen-
dently reviewed the retrieved articles. Inclusion crite-
ria were case reports or case series reporting >1 con-
firmed case of B. mandrillaris infection. We excluded 
duplicate publications and studies not involving B. 
mandrillaris infection. We extracted relevant data, 
such as patient characteristics, epidemiologic fea-
tures, clinical manifestations, treatment strategies, 
and clinical outcomes. We reviewed 39 publications 
through September 2025 and identified 66 confirmed 
cases of B. mandrillaris infection in China beginning 
in 2002 (Appendix Table 1, https://wwwnc.cdc.gov/
EID/article/32/7/25-1771-App1.pdf).

We classified the certainty of exposure sources 
on the basis of the descriptions provided in the liter-
ature. We defined the certainty of exposure sources 
as confirmed when a specific traumatic event or ex-
posure was reported, the site of injury or exposure 
was consistent with the location of clinical manifes-
tations, and the diagnosis was confirmed by histo-
pathologic examination of the corresponding site. 
We considered the certainty of exposure sources 

probable when a specific traumatic event or expo-
sure was described but the exact site of injury or 
exposure was not specified or when diagnosis was 
based on next-generation sequencing (NGS) only or 
histopathologic confirmation was not obtained from 
the corresponding site. We classified the certainty of 
exposure sources as possible when a suspected ex-
posure was reported but lacked sufficient support-
ing evidence. The analyses in this study focused on 
confirmed and probable cases.

We also categorized the certainty of diagnosis on 
the basis of available evidence. We defined the cer-
tainty of diagnosis as confirmed when the diagnosis 
was established by histopathological examination 
but classified certainty of diagnosis diagnosed solely 
by NGS as probable, given that NGS alone can be 
insufficient to confirm a case because of the poten-
tial for cross-contamination. We calculated descrip-
tive statistics and frequency distributions using SPSS 
Statistics for Windows version 17.0 (IBM, https://
www.ibm.com).

Results

Epidemiology
We identified 39 articles from the literature search. 
All the included articles were case reports or case 
series. As of September 2025, the earliest reported 
case had disease onset in 2002; a total of 66 cases of 
B. mandrillaris infection in China have been reported 
in published English and Chinese language literature 
(Appendix Table 1).

Of the 66 cases, 41 (62.12%) patients were male 
and 25 (37.88%) female, yielding a male-to-female 
ratio of 1.64:1. Ages ranged from 10 months to 77 
years (mean 36 years); 28 (42.42%) cases occurred in 
persons <18 years of age. Regarding occupational 
background, 8 (12.12%) patients were farmers, 1 was 
involved in animal husbandry, 1 was employed as a 
miner, and 1 worked in waste management. In the 
case of the remaining patients, 27 (40.91%) patients 
had no reported occupation and 28 (42.42%) were 
children <18 years of age. Among the 66 cases, only 
23 had clearly reported dates of disease onset. Even 
within those 23 cases, we observed no apparent sea-
sonal pattern of B. mandrillaris infection (Figure).

Cases were distributed across multiple prov-
inces and municipalities in China. We determined 
distribution on the basis of clearly reported exposure 
locations; when such information was unavailable, 
we categorized cases according to the treatment lo-
cation. Previous studies have faced similar limita-
tions and therefore applied the same approach for 

Clinical Features of B. mandrillaris Infection, China
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case classification (11). Of the 66 cases, 38 cases had 
a clearly documented province of origin, whereas 28 
were inferred from the treating hospital.

Among 66 cases, 55 (83.33%) patients were immu-
nocompetent, 5 (7.58%) were immunocompromised 
or receiving immunosuppressive therapy (2 patients 
were receiving immunosuppressive therapy after 
kidney transplantation, 2 had type 2 diabetes melli-
tus, and 1 had breast cancer), and 2 (3.03%) had con-
comitant infections (1 patient had concurrent human 
herpesvirus 6 encephalitis and 1 had previous SARS-
CoV-2 infection); the immune status of 4 (6.06%) pa-
tients was not specified. Among the 2 patients who 
received immunosuppressive therapy after kidney 
transplantation, 1 (case 52) underwent kidney trans-
plantation 13 days before disease onset because of 
uremia and received tacrolimus, mycophenolate so-
dium enteric-coated tablets, methylprednisolone, and 
antithymocyteglobulin for antirejection therapy be-
ginning on the first postoperative day (12). The other 
patient (case 57) had been on long-term immunosup-
pression for 14 years and was treated with cyclospo-
rine, mycophenolate mofetil, and prednisone acetate; 
the patient also had a 2-month history of type 2 dia-
betes mellitus (13). The immunosuppressive therapy 
given to transplant recipients likely predisposes them 
to rapid progression of disease. Overall, 42 (63.64%) 
of 66 patients lived in rural areas, 3 (4.55%) lived in 
urban settings, and the remaining 21 (31.82%) had un-
specified residence.

Regarding the certainty of transmission routes 
among the 66 cases, we classified 20 (30.30%) as con-
firmed, 4 (6.06%) as probable, 4 (6.06%) as possible, 
and 38 (57.58%) as unknown. Among the confirmed 
cases, 19 (95.83%) cases had a documented history 
of cutaneous trauma, and 1 (4.17%) case was linked 
to water exposure, in which previous nasal trauma 
followed by water contact resulted in nasal infection 
(14). Among the 4 probable cases, 2 had a documented  

history of skin trauma but without a clearly specified 
site corresponding to the location of clinical mani-
festations, and 2 had a documented history of skin 
trauma with a clearly identified site, but the diagno-
sis was established by NGS performed on specimens 
obtained from the brain. Among the 4 possible cases, 
3 were suspected to be associated with water expo-
sure: 1 patient had been exposed to rainwater 1 day 
before the onset of neurologic symptoms, 1 reported 
habitual consumption of untreated mountain spring 
water, and 1 was associated with accidental seawa-
ter aspiration. The remaining possible case-patient 
(case 52), who underwent kidney transplantation 13 
days before disease onset, was classified as having 
a possible association with organ transplantation, 
given that donor-derived transmission and infection 
in other organ recipients from the same donor could 
not be confirmed (12). In contrast, case-patient 57, 
in whom infection developed 14 years after kidney 
transplantation, was considered less likely to have a 
transplant-related infection; the infection might in-
stead have been associated with long-term immuno-
suppressive therapy, and the route of transmission 
remained unknown (13).

Clinical Manifestations
Regarding clinical manifestations, 42 (63.64%) pa-
tients had initial symptoms of cutaneous lesions, 
most commonly plaques (85.71%), followed by 
scales (4.76%), erythema (2.38%), ulcers (2.38%), 
crusts (2.38%), and unspecified lesions (9.52%). 
Lesions were located on the face (78.57%), lower 
limbs (9.52%), upper limbs (7.14%), waist (2.38%), 
back (2.38%), or unspecified sites (2.38%). Among 
those 42 patients, CNS involvement subsequently 
occurred in 25 (59.52%) persons. For a total of 24 
(36.36%) patients, initial manifestation was CNS 
disease, most frequently with headache (62.50%), 
fever (62.50%), vomiting (41.67%), gait instability or  

Figure. Monthly distribution of 
Balamuthia mandrillaris cases 
in study of epidemiology and 
clinical features of B. mandrillaris 
infection, China. Onset dates 
were specified in 23 case reports 
but unspecified in 43 others.
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motor disturbance (29.17%), consciousness distur-
bance (25.00%), fatigue (20.83%), dizziness (16.67%), 
nausea (12.50%), speech disorders (12.50%), som-
nolence (8.33%), epilepsy (8.33%), blurred vision 
(4.17%), limb numbness (4.17%), personality or be-
havioral changes such as irritability (4.17%), delayed 
reaction (4.17%), and convulsions (4.17%). Among 
the 25 patients with both cutaneous and CNS in-
volvement, the interval from the onset of skin le-
sions to neurologic manifestations ranged from 2 
months to 9 years (mean 3.67 years); time interval 
was unspecified in 5 cases.

Regarding the certainty of relationship between 
clinical manifestations and transmission routes, 
among the 42 patients with cutaneous manifestations, 
19 (45.24%) were classified as having a confirmed as-
sociation with skin trauma. Four (9.52%) patients 
were classified as having a probable association with 
skin trauma, including 2 cases without a clearly speci-
fied site of exposure and 2 cases diagnosed by NGS 
of brain tissue. The remaining 19 (45.24%) patients 
had no detailed exposure information. Among the 
24 patients who initially had CNS manifestations, 3 
(12.50%) were classified as having a possible associa-
tion with water exposure, and 1 (4.17%), who under-
went transplantation 13 days before disease onset, 
was classified as having a possible association with 
organ transplantation (12). The remaining 20 (83.33%) 
had no documented exposure history.

Diagnosis
Among the 66 reported cases, 38 (57.58%) were con-
firmed by histopathologic examination (with or 
without supporting NGS results). The remaining 28 
(42.42%) were considered probable on the basis of 
NGS of brain tissue or cerebrospinal fluid only.

Treatment
Among 66 reported patients, 44 (66.67%) received 
pharmacologic therapy, 9 (13.64%) underwent com-
bined pharmacologic and surgical treatment, and 9 
(13.64%) died before treatment could be initiated; for 
4 (6.06%) patients, the treatment approach was un-
known. For patients with cutaneous manifestations 
alone, treatment regimens have typically included 
>1 antibiotic from the lincosamide, macrolide, or tet-
racycline classes, administered with or without in-
terferon and, in some cases, combined with surgical 
excision. For patients with CNS involvement, treat-
ment regimens have generally consisted of surgical 
intervention (lesion resection or decompressive crani-
ectomy) in combination with fluconazole, flucytosine, 
azithromycin (or tetracycline), and trimethoprim/ 

sulfamethoxazole; metronidazole is added in some 
cases (Appendix Table 2).

Outcome
Among 66 patients, outcome was known for 63 pa-
tients; 43 (68.25%) patients died and 20 (31.75%) sur-
vived (Appendix Table 1). Among 17 patients with 
cutaneous-only manifestations, 15 (93.75%) survived, 
1 (6.25%) died from drug-induced liver failure after 
treatment with diminazene aceturate (15), and 1 had 
an unknown outcome. Among survivors, 11 received 
>1 lincosamide, macrolide, or tetracycline, with or 
without interferon and surgical excision.

Among 25 patients who initially demonstrated 
cutaneous manifestations and subsequently pro-
gressed to CNS involvement, 24 (96.00%) died and 
1 (4.00%) survived. Of note, 11 of those patients re-
ceived treatment regimens similar to those for pa-
tients demonstrating only cutaneous manifestations. 
However, although their skin lesions showed partial 
or marked improvement after treatment, all of them 
ultimately died after the development of neurologic 
symptoms.

Among 24 patients with CNS-only manifesta-
tions, 18 (81.82%) died, 4 (18.18%) survived, and 2 
had unknown outcomes. Among 5 surviving patients 
with CNS involvement, with or without cutaneous 
lesions, 3 received combination treatment regimens 
consisting of fluconazole, flucytosine, azithromycin 
(or tetracyclines), and trimethoprim/sulfamethoxa-
zole, with or without surgical excision; metronidazole 
was added in some cases. One patient underwent sur-
gical excision followed by treatment with miltefosine, 
fluconazole, rifampin, albendazole, and amphotericin 
B; the treatment regimen for 1 patient was unknown. 
However, 2 patients who died received treatment 
regimens similar to those of the survivors, consist-
ing of fluconazole, flucytosine, azithromycin, and 
trimethoprim/sulfamethoxazole, with or without 
surgical excision. Despite that treatment, their neuro-
logic symptoms deteriorated and ultimately resulted 
in death. After CNS symptom onset, time to death 
ranged from 5 days to 6 months (mean 41.79 days); 24 
patients (48.98%) died within 1 month.

Discussion
In China, B. mandrillaris infections occur predominant-
ly in men; most cases have been reported in northern 
regions and rural settings. A substantial proportion 
of affected persons are engaged in occupations such 
as farming, animal husbandry, and horticulture. The 
higher prevalence among men is likely attributable to 
their role as the primary labor force in rural areas, a 
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pattern consistent with observations from the south-
western United States and Peru, where most infected 
patients were also male agricultural workers. Most 
cases have been reported in temperate climatic zones 
at latitudes comparable to those of the southwestern 
United States, consistent with environmental condi-
tions favorable for the growth of B. mandrillaris.

In contrast to the United States, where ≈39% of re-
ported cases have occurred in immunocompromised 
persons, most patients in China with B. mandrillaris 
infection have been immunocompetent; only 10.61% 
had underlying conditions such as hepatitis C, malig-
nancy, viral infections, diabetes, uremia, or long-term 
immunosuppressive therapy. Those patients appear 
more likely to experience rapid progression to B. man-
drillaris GAE, which might contribute to poor thera-
peutic outcomes. For example, in one case, a patient 
with a 2-year history of cutaneous lesions on the left 
knee underwent radical mastectomy for breast can-
cer. Although no postoperative immunosuppressive 
therapy was administered, the disease progressed 
rapidly to CNS involvement within 1 week of surgery 
and ultimately resulted in death (16).

In China, 63.64% of patients initially sought care 
for cutaneous manifestations, consistent with epi-
demiologic observations from Peru, where chronic 
granulomatous skin lesions also predominate. The 
lesions typically manifested as plaques, most fre-
quently on the face, and many patients had a docu-
mented history of cutaneous trauma; lesions often 
developed at the site of injury. Those findings sup-
port the soil contact–skin injury hypothesis and align 
with the agricultural context of both China and Peru, 
where frequent soil exposure increases the risk for in-
fection after traumatic skin injury. One reported case 
(case 52) was considered to have possibly acquired 
a donor-derived infection through hematogenous 
transmission through organ transplantation (12). A 
minority of cases have been possibly attributed to wa-
terborne transmission; those patients had initial CNS 
symptoms such as headache, fever, and vomiting, re-
sembling the clinical manifestations reported in the 
United States. A previous US study reported that 35 
(85%) of 41 case-patients with documented soil expo-
sure had engaged in soil-related activities, providing 
evidence supporting the soil contact–skin injury hy-
pothesis. In addition, the same study also noted that 
66% of patients in the United States who reported B. 
mandrillaris infection had a history of water exposure 
(11). In another previously reported case, infection 
with B. mandrillaris was associated with the use of 
nonsterile water for nasal lavage (17). In addition, an-
other study reported that 57% of infected patients had 

exposure to stagnant water (18). Those reports sug-
gest that water exposure might be a potential source 
of B. mandrillaris infection. Although the suspected 
water sources were not tested for B. mandrillaris, those 
findings indicate that water-related activities, such as 
swimming in ponds or rivers, might allow the organ-
ism to enter the body through breaches in the cutane-
ous barrier, through the nasal mucosa, or through the 
lower respiratory tract.

Patients initially demonstrating cutaneous dis-
ease achieved a survival rate of 93.75%. Most sur-
vivors received treatment regimens including 2 
classes of antibiotics, with or without interferon, 
diminazene aceturate, or surgical excision. Dim-
inazene aceturate, an antiprotozoal agent primarily 
used in veterinary medicine, has been reported in 
China to achieve favorable outcomes in the treat-
ment of cutaneous B. mandrillaris infection. In those 
cases, the drug was used to reduce lesion size, often 
followed by surgical resection or adjunctive therapy 
(15). However, because of the lack of reported use 
in human treatment, available evidence is primari-
ly derived from animal studies, in which its clinical 
application has been limited by potential adverse 
effects, including gastrointestinal symptoms (ab-
dominal distension, nausea, and vomiting), cardio-
vascular manifestations (palpitations), hepatic and 
renal dysfunction (elevated liver enzymes and pro-
teinuria), and severe neurotoxicity (myalgia, weak-
ness, and polyneuritis) (19,20). Of note, among the 
4 patients who were treated with diminazene ace-
turate reported in China, gastrointestinal and neu-
rologic adverse effects developed in all patients, 
and 1 patient ultimately died of drug-related he-
patic failure, underscoring concerns regarding its 
safety (15). Hepatotoxicity has not been reported 
with other commonly used therapeutic agents for 
this disease.

In cases where complete or near-complete sur-
gical excision of intracranial lesions was achieved, 
surgery not only provided definitive confirmation of 
the infectious etiology but also might have contrib-
uted to disease management. In patients with rapidly 
increasing intracranial pressure because of extensive 
cerebral edema or space-occupying lesions, neurosur-
gical procedures such as decompressive craniectomy 
were used to relieve intracranial pressure, thereby af-
fording critical time for pharmacologic therapy and 
host immune response. With regard to agents recom-
mended by the US Centers for Disease Control and 
Prevention (such as miltefosine) and additional agents 
reported in the literature, such as pentamidine and 
nitroxoline, those drugs are not currently available  
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in China. One patient survived after combined surgi-
cal and pharmacologic therapy with miltefosine, flu-
conazole, rifampin, albendazole, and amphotericin B 
(21). However, another patient succumbed to infec-
tion despite receiving a treatment regimen consisting 
of miltefosine, pentamidine, flucytosine, fluconazole, 
clarithromycin, amphotericin B, and trimethoprim/
sulfamethoxazole (16).

Among the 66 cases of B. mandrillaris infection 
in mainland China summarized in this study, the 
survival rate was 93.75% for patients with cutane-
ous manifestations alone. However, once the disease 
progressed to CNS involvement, the mortality rate 
increased sharply to 96.00%, consistent with previ-
ous reports in other countries. In addition, when 
CNS symptoms were the initial manifestation, the 
mortality rate was as high as 81.82%. Of note, 11 
patients still progressed to fatal neurologic involve-
ment despite improvement in cutaneous manifes-
tations after treatment, indicating that controlling 
cutaneous symptoms does not completely prevent 
neurologic involvement. It is likely owing to the 
limited ability of therapeutic agents to penetrate the 
blood–brain barrier.

An epidemiologic survey conducted in the Unit-
ed States reported that the mean interval from onset 
of CNS symptoms to death for B. mandrillaris GAE 
was 24 days (range 4–450 days; n = 43) (11). In con-
trast, among the cases from China included in this 
study, the mean interval from CNS symptom onset to 
death was 39.45 days (range 7–180 days; n = 33), and 
48.98% of patients died within 1 month of CNS symp-
tom onset. Those findings underscore the extremely 
poor prognosis of Balamuthia mandrillaris infection 
once the CNS becomes involved.

With advances in diagnostic technology and im-
proved detection capacity, the number of confirmed 
cases of B. mandrillaris infection in China has gradu-
ally increased, underscoring the need for height-
ened clinical awareness. Given the exceedingly high 
mortality rate associated with this disease, further 
in-depth research is urgently needed to enable ear-
lier prevention and more timely detection, with the 
ultimate goal of reducing both the incidence and 
mortality of this devastating infection. When patients 
display suspicious epidemiologic exposures or cuta-
neous manifestations, B. mandrillaris infection should 
be considered in the differential diagnosis. 
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etymologia revisited
Plague
[plāg]

Plague (from the Latin plaga, “stroke” or “wound”) infections are 
believed to have been common since at least 3000 bce. Plague is 

caused by the ancestor of current Yersinia (named for Swiss bacte-
riologist Alexandre Yersin, who first isolated the bacterium) pestis 
strains. However, this ancestral Y. pestis lacked the critical Yersinia 
murine toxin (ymt) gene that enables vectorborne transmission. After 
acquiring this gene (sometime during 1600–950 bce), which encodes 
a phospholipase D that protects the bacterium inside the flea gut,  
Y. pestis evolved the ability to cause pandemics of bubonic plague. 
The first recoded of these, the Justinian Plague, began in 541 ce and 
eventually killed more than 25 million persons.
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Free-living amebae (FLA) are soil- and water-
dwelling unicellular organisms found through-

out the world that cause rare but often fatal infec-
tions (1,2). Acanthamoeba and Balamuthia are 2 genera 
of FLA that cause granulomatous amebic encepha-
litis (GAE), a subacute disease characterized by fo-
cal neurologic deficits, altered mental status, and >1 
parenchymal brain lesions on imaging. The true in-
cidence is unclear because of diagnostic and report-
ing limitations, but in the United States, <20 cases 

are reported annually; however, >90% of infected 
patients who have central nervous system (CNS) in-
volvement die (1,2).

Acanthamoeba spp. FLA primarily affect immuno-
compromised hosts, whereas Balamuthia mandrillaris 
amebae also infect immunocompetent hosts. Bala-
muthia spp. amebae exist as environmentally stable 
cysts and infectious trophozoites, entering the body 
through the respiratory tract or open skin wounds 
and spreading hematogenously to the organs, most 
notably the brain (2–9). Balamuthia was first identified 
in a pregnant mandrill (Papio sphinx) in 1990, but as a 
result, posthumous human diagnoses were made dat-
ing back to 1974 (10). Since then, B. mandrillaris GAE 
cases have been diagnosed worldwide, many among 
children, and often with fatal outcomes. A review of 
109 US cases during 1974–2016 revealed a 90% mor-
tality rate (2). Even when infections are diagnosed 
antemortem and patients receive antiamebic medica-
tions, the fatality rate exceeds 75% (11).

The Centers for Disease Control and Prevention 
(CDC) recommends a regimen for B. mandrillaris 
GAE including pentamidine, sulfadiazine, azithro-
mycin or clarithromycin, a triazole, flucytosine, and 
miltefosine (12). In 2025, CDC added nitroxoline to 
the recommended regimen (12). A study published in 
2018 screened 2,177 clinically approved compounds 
(including the CDC-recommended regimen) for in 
vitro activity against B. mandrillaris amebae (13). A 
quinoline antibiotic, nitroxoline, was found to be the 
most potent and selective of all agents tested (includ-
ing the drugs in the recommended regimen) against 
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We report a systematic case review of antemortem neu-
rosurgical resections and biopsies and outcomes includ-
ing new lesions after procedure and survival in Balamu-
thia mandrillaris granulomatous amebic encephalitis. 
The investigation was prompted by a 5-year-old patient 
in the southwestern United States who was treated with 
nitroxoline, the 2021 Centers for Disease Control and 
Prevention regimen, and underwent 2 resections; initial 
resection site recurrence and a new lesion after resec-
tion prompted the question whether complete resection 
versus biopsy is associated with better outcomes. We 
conducted a literature review and found no substantial 
difference between neurosurgical resection versus biop-
sy-only groups. Limitations include case review, number 
of cases, and incomplete data available. Additional anal-
yses comparing neurosurgical outcomes with outcomes 
of those diagnosed via blood or cerebrospinal fluid and 
metagenomic next-generation sequencing might pro-
vide more definitive answers. This case and systematic 
review provide evidence that treatment with nitroxoline 
and neurosurgical resection could contribute to survival 
in Balamuthia encephalitis case-patients.
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both cystic and trophozoite forms and at pharma-
cologically relevant concentrations (13). Nitroxoline 
has been used with a favorable side effect profile for 
human urinary tract infection treatment since the 
1970s, including in pediatric patients (14). In 2021, an 
adult patient treated with nitroxoline for Balamuthia 
GAE survived (15). Herein, we describe a pediatric 
patient successfully treated with a combination of ni-
troxoline, the 2021 CDC recommended regimen, and 
2 neurosurgical resections. We also conducted a lit-
erature review of previously published cases to deter-
mine any difference between neurosurgical resection 
versus biopsy-only groups.

Case Report
In autumn 2021, a previously healthy 5-year-old was 
brought to care with new-onset seizures and head-
aches. Persisting symptoms prompted brain magnetic 
resonance imaging (MRI), revealing a heterogeneous-
ly enhancing cortical mass at the junction between the 
left temporal and occipital lobes with a large region of 

surrounding T2 fluid attenuated inversion recovery 
(FLAIR) hyperintensity (Figure 1).

With malignant tumor on the differential diagno-
sis, the patient underwent left occipital craniotomy 
and the specimen was removed en bloc and sent to 
pathology. The neurosurgeon chose resection mar-
gins on the basis of intraoperative frameless stereotac-
tic navigation and the appearance and feel of normal-
appearing, soft, edematous brain. Postoperative MRI 
confirmed an enhancing mass with no change in the 
surrounding edema. The neurosurgery team consult-
ed the pediatric infectious diseases service because 
the preliminary pathology report was concerning for 
infection rather than tumor. We suspected Balamuthia 
GAE because of course chronicity, immunocompetent 
host, and extensive soil exposures, including making 
mudpies. However, we also considered in the initial 
consultation Acanthamoeba (considered less likely be-
cause the patient was immunocompetent), Naegleria 
(considered less likely because the patient had no 
typical acute manifestations), mycobacterial diseases 
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Figure 1. Axial, coronal, 
and sagittal postcontrast 
T1-weighted MRI images 
from study of neurosurgical 
biopsy and resection for 
diagnosis and treatment of 
Balamuthia mandrillaris amebic 
encephalitis, United States. 
Top row images show patient’s 
primary occipital and frontal 
lesions (boxes). Three weeks 
after resection of the first 
occipital lesion (second row), 
recurrent nodules (arrows) 
developed around the resection 
cavity. Before nitroxoline 
initiation, those nodules were 
enlarging. MRI in July 2022 
(second row) showed a new, 
7-mm diameter, indistinct, fluid 
attenuated inversion recovery–
hyperintense, enhancing focus 
in the anterior aspect of the 
left superior frontal gyrus. 
After nitroxoline (third row), 
the occipital lesions retracted 
(arrows) and were no longer 
ring-enhancing. No recurrent 
lesions were noted at the 
resection site of the frontal 
lesion, which was resected 
while the patient was on 
multidrug therapy and 4 weeks 
before starting nitroxoline. 
Follow-up imaging 8 months 
after antimicrobial treatment was discontinued (fourth row), a stable, residual nodule (arrows) in the medial resection cavity 
remained, thought to represent gliosis. MRI, magnetic resonance imaging.
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including nontuberculous (NTM) and tuberculosis 
(TB) (considered less likely because the patient was 
immunocompetent [NTM] and had no specific expo-
sure [TB]), and endemic fungal infections with spread 
to the CNS (again considered less likely because the 
patient was immunocompetent). Histopathology re-
vealed leptomeningeal lymphocytic infiltrate extend-
ing into the cortical parenchyma with focal vasculitis, 
along with lymphocytes and multinucleated giant 
cells containing large, round, thick-walled parasites, 
consistent with GAE (Figure 2). Special tissue stains 
were negative for acid-fast bacillus and fungal ele-

ments, but a sample of brain tissue sent to CDC’s 
Free-living and Intestinal Amebas laboratory (Na-
tional Center for Emerging and Zoonotic Infectious 
Diseases, Division of Foodborne, Waterborne, and 
Environmental Diseases) was positive for B. mandril-
laris amebae by PCR (24).

On the basis of CDC recommendations at diag-
nosis, the patient was started on pentamidine (4 mg/
kg [80 mg] every 24 h), sulfadiazine (50 mg/kg [1,000 
mg] every 6 h), azithromycin (20 mg/kg [400 mg] ev-
ery 24 h), fluconazole (12 mg/kg [240 mg] every 24 
h), flucytosine (37.5 mg/kg [750 mg] every 6 h), and 
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Figure 2. Resected occipital 
lesion gross and histopathology 
from patient in study of 
neurosurgical biopsy and 
resection for diagnosis and 
treatment of Balamuthia 
mandrillaris amebic encephalitis, 
United States. A) Gross 
pathology revealed pink-tan, 
firm tissue fragments. B) Cut 
sections reveal a heterogenous, 
tan-pink, and soft surface with 
effacement of the white and 
gray matter demarcation. C, D) 
Hematoxylin and eosin stained 
sections of the brain show 
leptomeningeal thickening with 
striking perivascular lymphocytic 
infiltrate (C, arrow) extending 
into the cortical parenchyma with 
foci of lymphocytic infiltration 
into the vessel wall, consistent 
with vasculitis (D, arrow). The 
architecture of the cortical gray 
matter is obliterated by neuronal 
loss, reactive gemistocytic 
astrocytes and infiltration by 
macrophages, multinucleated 
giant cells, and lymphocytes. 
This involves the adjacent 
white matter with areas of 
parenchymal loss/liquefactive 
necrosis (D, arrowhead). Original 
magnification ×2 for panel C, 
×10 for panel D. E, F) Many of 
the multinucleated giant cells 
(E, arrow) contain large round 
thick-walled parasites (F, arrow) 
containing granular material and 
an occasional inconspicuous, 
dot like nucleus (F, arrowhead). 
Original magnification ×40 for 
panels E and F. Occasional 
structures resembling engulfed 
organisms are seen in the 
parenchyma (D–F).
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miltefosine (2.5 mg/kg [50 mg] every 24 h) (Figure 3). 
On this regimen, 5 months later, new frontal head-
aches developed. Repeat MRI at that time showed a 
new, 7-mm diameter, enhancing focus in left superior 
frontal gyrus and 3 enhancing nodules at the periph-
eral resection margins of the primary left occipital 
site. The multidrug regimen was continued, and re-
peat MRI 2 months later showed interval increase in 
the size of the left frontal lesion and surrounding T2/
FLAIR hyperintensity (Figure 1). The patient subse-
quently underwent a left frontal craniotomy for en 
bloc resection using intraoperative frameless stereo-
tactic navigation. Intraoperative ultrasound revealed 
no residual hyperechoic tissue. Pathology resembled 
first resection, and the tissue was again positive for B. 
mandrillaris amebae by PCR testing at CDC.

Given concern for progressive disease on exist-
ing therapy, along with promising in vitro data and 
a published successful case report (13,15), we decided 
to add nitroxoline to the regimen. We obtained In-
stitutional review board approval, Food and Drug 
Administration emergency investigational drug des-
ignation, and parental consent. After emergency des-
ignation, we identified a foreign nitroxoline manufac-
turer. However, because the patient’s imaging and 

clinical status were worsening and obtaining the drug 
directly from the manufacturer would have meant a 
delay of several weeks, to ensure timely administra-
tion, we procured a small supply produced by the 
same manufacturer via University of California San 
Francisco Investigational Drug Services. The patient 
received the first dose of nitroxoline 1 month after 
second resection. We sourced subsequent treatment 
directly from the manufacturer and established a for-
mal contractual agreement to secure ongoing access 
to the investigational agent.

While monitoring the patient in the hospital for 
both medication side effects and worsening symptoms, 
we titrated the nitroxoline dose over 1 week to a total of 
30 mg/kg/day (3×/d). We chose that dose because it 
is the maximum pediatric dose described in published 
nitroxoline reviews and was comparable to dosing 
used for an adult B. mandrillaris patient treated with 
nitroxoline (14,15). Clinical, laboratory, electrocardio-
gram, and dental monitoring showed that the patient 
tolerated nitroxoline without substantial side effects.

MRI at 6 weeks after nitroxoline initiation showed 
considerable improvement in the ring-enhancing le-
sions at the margin of the left occipital surgical cav-
ity, no recurrence of left frontal lesion, and no new 
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Figure 3. Timeline of events and medications for patient in study of neurosurgical biopsy and resection for diagnosis and treatment 
of Balamuthia mandrillaris amebic encephalitis, United States. Gray bar shows days since initial evaluation; red diamonds indicate 
magnetic resonance imaging (MRI) obtained before and after surgical dates; gray diamonds indicate interval MRI; blue diamonds 
indicate MRI before and after end date of nitroxoline. Nitroxoline dosing was titrated over 1 week to a total of 30 mg/kg/day 3 times/
day; other medication dosing was pentamidine, 4 mg/kg (80 mg) every 24 hours; sulfadiazine, 50 mg/kg (1,000 mg) every 6 hours; 
azithromycin, 20 mg/kg (400 mg) every 24 hours; fluconazole, 12 mg/kg (240 mg) every 24 hours; flucytosine, 37.5 mg/kg (750 mg) 
every 6 hours; and miltefosine, 2.5 mg/kg (50 mg) every 24 hours. Pentamidine was discontinued after 8 weeks because of concern 
for renal toxicity. Sulfadiazine was briefly switched to trimethoprim/sulfamethoxazole because of manufacturer supply shortage and 
ultimately discontinued because of cost and administration concerns. Because of persistent nausea, vomiting, dysgeusia, and anorexia, 
flucytosine, fluconazole, azithromycin, and miltefosine were each discontinued, and the patient remained on nitroxoline for a total of 19 
months. N/V, nausea and vomiting; TMP/SMX, trimethoprim/sulfamethoxazole; uPCR, universal broad-range PCR amplicon sequencing.
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lesions. Her next MRI scans, at 3 and 9 months after 
nitroxoline initiation, showed continued improve-
ment in the ring-enhancing lesions of the occipital 
region and no new lesions. MRI 1 year after nitroxo-
line initiation showed expected encephalomalacia 
and gliosis at previous resection cavities, resolution 
of ring-enhancing occipital lesions, and no new le-
sions. In total, the patient was treated for 2 years and 
4 months with antiamebic therapy, including nitroxo-
line for the final 19 months of therapy. At 8 months 
after therapy ended, a tiny residual nodule in the me-
dial resection cavity was stable and thought to repre-
sent gliosis (Figure 1). Clinical follow-up 4 years after 
diagnosis revealed a healthy, active child without fo-
cal neurologic findings but with mild neurocognitive 
and learning delays on neuropsychiatric testing.

Systematic Literature Review
The progression of disease and need for a second 
resection in this case raised the question whether 
complete resection, versus biopsy only, might be ben-
eficial to outcomes of B. mandrillaris GAE. We hypoth-
esized that because of the prevalence of vasculitis in 
and proposed hematogenous spread of Balamuthia 
disease, biopsy might promote spread by disruption 
of the blood–brain barrier and transection of affected 
vessels, whereas complete resection, aided by reduc-
ing the burden of organisms, could be associated with 
better outcomes. To evaluate that possibility, we per-
formed a systematic review of the literature accord-
ing to the guidelines for Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses (16,17). 
We searched for published articles via PubMed (last 
reverified 2026 Jun 4) to identify cases in which B. 
mandrillaris GAE was diagnosed using specimens 
obtained antemortem via neurosurgical procedures, 
including complete resection (group 1) or subtotal re-
section or biopsy (group 2). We used the following 
search terms: Balamuthia AND (biopsy OR neurosur-
gery OR neurosurgical OR excision OR resection OR 
brain mass OR tumor). That initial search returned 
231 articles (Appendix 1 Table 1, https://wwwnc.
cdc.gov/EID/article/32/7/26-0725-App1.xlsx). We 
then filtered the list by English language to 223 ar-
ticles and then further filtered for human cases, bring-
ing the number of articles to 161. We also found 6 
published articles not captured in the PubMed search 
(15,18–23); all were noted in the course of reviewing 
other articles and considered pertinent to this topic. 
However, noting the absence of those articles in the 
PubMed search, to avoid omission of articles or bias, 
we reviewed the nonhuman filtered cases to identify 
erroneously omitted cases and conducted another 

search using terms “Balamuthia AND case report.” 
Those searches identified no additional articles that 
did not meet exclusion criteria. In total, we reviewed 
168 articles (Appendix 1 Table 2).

This study was confined to antemortem neuro-
surgical procedures only because of the hypothesis 
that cutting into diseased tissue without (presump-
tively) substantially diminishing the burden of ameba 
might worsen disease outcomes in Balamuthia GAE. 
Therefore, we excluded the following types of cases: 
no neurosurgical specimen obtained antemortem (n = 
36), only cutaneous disease (n = 3), infection not veri-
fied by the definitions we devised or cases of other 
FLA (n = 3), and co-infections (which might alter the 
pathogenesis) (n = 2). We also excluded the following 
types of studies: primary purpose of subject review 
(n = 30), in vitro studies (n = 22), primary purpose 
to report specimen data or imaging findings without 
substantial clinical descriptions (n = 7), environmen-
tal specimens (n = 5), duplicated cases (n = 4), editori-
als (n = 2), mouse studies (n = 1), nonhuman cases (n 
= 1), retracted articles (n = 1), articles for which we 
could not obtain the full text (n = 1), or case reports 
that did not include the targeted data (n = 1) (Appen-
dix 1 Table 3). 

We defined a confirmed case of B. mandrillaris 
GAE as a patient with clinical encephalitis with imag-
ing findings supportive of diagnosis and either mo-
lecular diagnostics (PCR or metagenomic next-gen-
eration sequencing; Karius, https://kariusdx.com) 
or immunofluorescence or immunohistochemistry 
staining positive on pathologic specimens for B. man-
drillaris. Cases that had only positive serologic results 
or morphologic evidence of ameba were not consid-
ered diagnostic for B. mandrillaris GAE.

We defined resection cases as cases in which the 
article defined the procedure as resection or complete 
excision or en bloc in an antemortem neurosurgi-
cal procedure. We defined biopsy cases as cases in 
which the article reported biopsy, excisional biopsy, 
or subtotal resection of the lesion in an antemortem 
neurosurgical procedure. Cases involving only blood, 
cerebrospinal fluid (CSF) specimens, or skin or other 
organ biopsies were outside the scope of this study.

We reviewed and extracted data from the 68 
articles meeting inclusion and exclusion criteria. 
Of those, 20 were resection cases; data collected in-
cluded clinical manifestation description (country of 
residence, age, sex, initial symptoms, notable medi-
cal history), number and location of lesions at evalu-
ation, site of lesion resected, antiamebic medications 
(if used and with details to the extent published), 
presence of vasculitis on biopsy, additional lesions 
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identified after procedure, and use of steroids before 
Balamuthia diagnosis. The remaining 48 articles were 
on biopsy cases; data collected included clinical mani-
festation description, whether >1 lesion was present 
at diagnosis, whether additional lesions were identi-
fied after procedure, and whether steroids were used 
before Balamuthia diagnosis.

For resection and biopsy studies including re-
section cases, we recorded the number that had ad-
ditional lesions identified on brain imaging (most 
advanced obtained, either computed tomography or 
MRI) after the antemortem neurosurgical specimen 
collection. We also recorded the number for whom 
steroids were reported to be given and the number 
who survived the infection. For the steroid use and 
survival analyses, we calculated percentages on the 
basis of the total number of resection cases or biopsy 
cases. For the lesion number analysis, the denomina-
tor was the number of cases for which information 
was available by imaging reports, because some pa-
tients died before follow-up imaging after the proce-
dure could be obtained.

We used GraphPad Prism (https://www.
graphpad.com) for statistical analysis. We exam-
ined for statistical differences between resection 
cases and biopsy cases using Fisher exact tests.

Results
From our systematic review of the literature, plus the 
case we report here, we found 7 published articles 
describing 1 or 2 cases of B. mandrillaris intracranial 
lesions that were surgically resected and the patient 
survived (18,19,25–29). Of 13 cases in which the pa-
tient subsequently died, each was associated with >1 
of the following: multiple CNS lesions at initial evalu-
ation (n = 5) (Appendix 2 Table 1 references 5,17–19, 
https://wwwnc.cdc.gov/EID/article/32/7/26-
0725-App2.pdf), advanced neurologic symptoms (i.e., 
hemiparesis, seizures, signs of increased intracranial 

pressure or herniation, loss of consciousness) (n = 9) 
(Appendix 2 Table 1 references 5,6,10,13,17–19), vas-
culitis on imaging or pathology (n = 5) (Appendix 2 
Table 1 references 5–7,10,17), a regimen distinct from 
the 2021 CDC medication regimen (<4 agents used) 
(n = 11) (Appendix 2 Table 1, references 5–7,12,13,16–
19), or steroid use preceding diagnosis and antiame-
bic treatment (n = 6) (Appendix 2 Table 1 references 
5,10,12,17-19).

We questioned whether resection, either subtotal 
or biopsy or complete resection, increased likelihood 
of patient death or additional lesions arising after the 
neurosurgical procedure. Vasculitis is a prominent 
feature of B. mandrillaris GAE (30). We hypothesized 
that incision into infected tissue might promote 
spread of ameba if total resection is not achieved. 
Therefore, we conducted an additional review of the 
cases that had biopsy or subtotal resections for out-
comes of survival or death and whether additional 
lesions were discovered on follow-up imaging after 
the procedure. We found no statistical difference be-
tween the groups, however (Table; Appendix 2 Table 
2), and similar rates of steroid use before B. mandril-
laris GAE diagnosis.

Discussion
We report the excellent outcome for a pediatric 
patient with B. mandrillaris GAE treated with ni-
troxoline. Factors contributing to GAE survival are 
not clear, but we believe that nitroxoline and neu-
rosurgical interventions were important to this pa-
tient’s survival. A multidisciplinary team, includ-
ing pharmacy, psychology, and child life services, 
individualized the patient’s complex medication 
schedule, which, along with family vigilance, un-
doubtedly contributed to the success of this regi-
men. Our findings of clinical and radiographic 
improvement add to a growing body of literature 
suggesting that nitroxoline, in combination with 
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Table. Analyses of outcomes between resection and biopsy groups in study of neurosurgical biopsy and resection for diagnosis and 
treatment of Balamuthia mandrillaris amebic encephalitis, United States 

Category 
No. (%) cases* Statistically significant difference 

between groups† Resection, n = 20 Biopsy, n = 48 
New lesions after procedure    
 Y 9 (45) 17 (35) N (p = 0.75)‡ 
 N 6 (20) 9 (19)  
 Not clear 5 (25) 22 (46)  
Survival    
 Y 7 (35) 8 (17) N (p = 0.12) 
 N 13 (65) 40 (83)  
Steroids    
 Y 9 (45) 27 (56) N (p = 0.43) 
 Not reported 11 (55) 21 (44)  
*Includes case from this study.  
†For yes/no responses only. Method used Fisher exact test. 
‡For new lesions, the “not clear” cases were omitted from statistical analysis. 
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other antiamebic drugs and surgical resection, could 
improve outcomes from this rare, highly fatal dis-
ease. Nitroxoline has better tolerability and in vitro 
efficacy against B. mandrillaris infection than other 
antiamebic agents (13,31). In a review of safety and 
efficacy of nitroxoline in UTI treatment, only 9.8% of 
patients reported adverse effects (primarily nausea) 
(13,14,31). In contrast, the standard regimen, which 
includes pentamidine, miltefosine, a triazole, flucy-
tosine, azithromycin, and sulfadiazine, has substan-
tial toxicities, often limiting use and leading to other 
adverse conditions. Indeed, acute kidney injury and 
hypertension occurred in this patient, but resolved 
after discontinuation of pentamidine. In addition, 
gastrointestinal side effects of dysgeusia, anorexia, 
nausea, vomiting, and diarrhea necessitated placing 
a gastrostomy tube for nutrition; those symptoms 
resolved after sequential discontinuation of miltefo-
sine, fluconazole, flucytosine, and azithromycin and 
did not recur during nitroxoline monotherapy.

Nitroxoline was continued throughout the final 
19 months’ duration of this patient’s antiamebic 
therapy, and clinical and radiographic improve-
ment continued even during the final 6 months on 
nitroxoline monotherapy, suggesting that nitroxo-
line could be a contributor to her survival. Our re-
view of the literature subsequent to this case identi-
fied 2 other reported uses of nitroxoline, in addition 
to the adult case reported in the introduction (15). 
Those 2 cases were pediatric as well, but neither in-
cluded neurosurgical resection. In the first case, a 
4-year-old had B. mandrillaris infection diagnosed 
by Karius testing of blood and confirmed by CSF 
PCR. Nitroxoline was started 1 month into diag-
nosis, but the patient died 1 month later (32). The 
other pediatric case, in a 2-year-old, was diagnosed 
by biopsy and was included in this systematic re-
view; the patient survived, as reported at 1 year af-
ter manifestation (33).

We cannot definitively determine the indepen-
dent contribution of nitroxoline to treatment success 
on the basis of the case we report or the few others 
that have been published. However, a lack of recur-
rence or progression over a period of 19 months on 
nitroxoline, including 6 months of nitroxoline alone, 
supports the possibility that nitroxoline contributed 
to recovery. Before nitroxoline was initiated, testing 
showed a new frontal lesion and progression of that 
lesion (Figures 1, 3), but after nitroxoline treatment 
began, no new progression or lesions developed, and 
occipital residual lesions shrank. In addition, at the 
resection margins of the frontal lesion addressed in 
the second resection, surrounding residual nodules 

did not develop during nitroxoline treatment, unlike 
after the first resection before nitroxoline treatment. 
Variations in the success of complete resection micro-
scopically, brief steroid use postoperatively after first 
resection, and being on any antiamebic therapy at the 
second resection all likely contributed as well.

The role of neurosurgical intervention for Bala-
muthia infections remains unclear. Whereas Karius 
testing and metagenomic next-generation sequencing 
can provide new opportunities for diagnosis without 
neurosurgical intervention (20,32,34–42), brain biop-
sy can lead to definitive diagnosis and early therapy. 
However, few cases manifest with lesions amenable 
to complete resection (18,19,25–29). Lesion recurrence 
after this patient’s first surgery, despite using the 
CDC-recommended regimen, suggests that infection 
might have extended into normal-appearing tissue, 
beyond resection margins (i.e. incomplete resection); 
the previous CDC-recommended regimen could be 
insufficient to treat Balamuthia GAE; or vasculitis or 
resection in the setting of steroids or vasculitis with-
out concurrent medication against Balamuthia amebae 
might contribute to dissemination (30). Of interest, 
we saw no recurrence from the patient’s second re-
section, but at that time, the patient had concurrent 
treatment with antiamebic medications, including ni-
troxoline shortly thereafter. Our review and analyses 
suggest that variations in completeness of excision 
might not determine the recurrence or development 
of new lesions because no substantial difference in 
new lesions after biopsy or resection were noted be-
tween the 2 groups. We did find a trend toward asso-
ciation of excision with survival that warrants further 
investigation; however, the data did not show a sta-
tistically significant survival benefit to excision.

Our study is limited by the nature of literature 
reviews, including incomplete information and rela-
tively small numbers, given the rarity of the disease. 
For example, with respect to steroid use, some articles 
(3 cases of the biopsy-only group) reported that the 
patients were initially treated for CNS TB. Providing 
steroids is the standard of care for such cases, so the 
lack of steroids reported in many of those cases exem-
plifies possible missing data in the literature (43). Fu-
ture studies comparing the outcomes of patients who 
have antemortem neurosurgical resections or biop-
sies with those who only have non-CNS procedures 
for diagnosis or therapy (i.e., skin biopsies, blood or 
CSF specimens only) will be further informative on 
the risks of neurosurgical intervention in Balamuthia 
GAE. In addition to that theorized risk, risks of neu-
rosurgery must always be considered before surgi-
cal intervention, but lack of recurrent or new lesions 
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in this patient case report after the second resection 
might have been the result of the multidrug regimen 
used before resection, and the addition of nitroxoline 
shortly after resection.

In this systematic review and analysis, we found 
no statistically significant outcomes between the 
group for whom biopsy was conducted for diagnosis 
and the group for whom complete resection for diag-
nosis and therapy was used. However, we did find a 
trend toward benefit in survival in complete resection 
group that warrants further study. 

In conclusion, we report a systematic review of 
survival in B. mandrillaris GAE after antemortem neu-
rosurgical resections and biopsies, including success-
ful treatment of a pediatric patient in the southwestern 
United States. For patients with B. mandrillaris GAE, 
neurosurgical management, multidrug therapy, and 
nitroxoline treatment could improve outcomes asso-
ciated with this deadly infection.

Acknowledgments
We thank the patient and the family for participating  
in this study. The parents gave written consent to the  
publication of the patient’s clinical manifestations,  
treatment, and follow-up as described in this manuscript. 
Asieris Pharmaceuticals provided nitroxoline. We  
appreciate the advice and guidance of Joseph L. DeRisi 
and the information received by direct communication 
from Joshua Cuoco.

This activity was reviewed by CDC and was conducted 
consistent with applicable federal law and CDC policy.  
See e.g., 45 C.F.R. part 46.102(I)(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.  
The University of Texas Southwestern Medical Center 
Institutional Review Board reviewed and approved use  
of nitroxoline for this patient.

The authors acknowledge using ChatGPT in this  
manuscript for the sole purpose of assistance in concise 
wording, not in a generative capacity.

About the Author
Dr. Rubbab is an assistant professor of pediatrics in the 
Division of Infectious Diseases at Baylor College of  
Medicine. Her clinical and research interests include  
pediatric infectious diseases, antimicrobial stewardship, 
infections in immunocompromised children, and  
improving patient safety. Dr. Adenwalla is a neurosurgery 
resident at UT Southwestern Medical Center. His work 
centers on neurosurgical outcomes and surgical  
innovation, with a particular interest in advancing  
techniques that improve patient care.

References:
  1.	 Haston JC, O’Laughlin K, Matteson K, Roy S, Qvarnstrom Y,  

Ali IKM, et al. The epidemiology and clinical features of 
non-keratitis Acanthamoeba infections in the United States, 
1956–2020. Open Forum Infect Dis. 2023;10:ofac682.  
https://doi.org/10.1093/ofid/ofac682

  2.	 Cope JR, Landa J, Nethercut H, Collier SA, Glaser C,  
Moser M, et al. The epidemiology and clinical features of  
Balamuthia mandrillaris disease in the United States, 1974–
2016. Clin Infect Dis. 2019;68:1815–22. https://doi.org/ 
10.1093/cid/ciy813

  3.	 Martinez AJ, Visvesvara GS. Free-living, amphizoic and  
opportunistic amebas. Brain Pathol. 1997;7:583–98.  
https://doi.org/10.1111/j.1750-3639.1997.tb01076.x

  4.	 Shehab KW, Aboul-Nasr K, Elliott SP. Balamuthia mandrillaris 
granulomatous amebic encephalitis with renal dissemination 
in a previously healthy child: case report and review of the 
pediatric literature. J Pediatric Infect Dis Soc. 2018;7:e163–8. 
https://doi.org/10.1093/jpids/pix089

  5.	 Matin A, Siddiqui R, Jayasekera S, Khan NA.  
Increasing importance of Balamuthia mandrillaris. Clin 
Microbiol Rev. 2008;21:435–48. https://doi.org/10.1128/
CMR.00056-07

  6.	 Siddiqui R, Matin A, Warhurst D, Stins M, Khan NA.  
Effect of antimicrobial compounds on Balamuthia mandrillaris  
encystment and human brain microvascular endothelial 
cell cytopathogenicity. Antimicrob Agents Chemother. 
2007;51:4471–3. https://doi.org/10.1128/AAC.00373-07

  7.	 Matin A, Siddiqui R, Jung SY, Kim KS, Stins M, Khan NA. 
Balamuthia mandrillaris interactions with human brain 
microvascular endothelial cells in vitro. J Med Microbiol. 
2007;56:1110–5. https://doi.org/10.1099/jmm.0.47134-0

  8.	 Matin A, Stins M, Kim KS, Khan NA. Balamuthia mandrillaris 
exhibits metalloprotease activities. FEMS Immunol Med 
Microbiol. 2006;47:83–91. https://doi.org/10.1111/ 
j.1574-695X.2006.00065.x

  9.	 Jayasekera S, Matin A, Sissons J, Maghsood AH, Khan NA. 
Balamuthia mandrillaris stimulates interleukin-6 release in 
primary human brain microvascular endothelial cells via a 
phosphatidylinositol 3-kinase-dependent pathway.  
Microbes Infect. 2005;7:1345–51. https://doi.org/10.1016/ 
j.micinf.2005.05.001

10.	 Visvesvara GS, Martinez AJ, Schuster FL, Leitch GJ,  
Wallace SV, Sawyer TK, et al. Leptomyxid ameba, a new 
agent of amebic meningoencephalitis in humans and  
animals. J Clin Microbiol. 1990;28:2750–6. https://doi.org/ 
10.1128/jcm.28.12.2750-2756.1990

11.	 Spottiswoode N, Haston JC, Hanners NW, Gruenberg K, 
Kim A, DeRisi JL, et al. Challenges and advances in the 
medical treatment of granulomatous amebic encephalitis. 
Ther Adv Infect Dis. 2024;11:20499361241228340.  
https://doi.org/10.1177/20499361241228340

12.	 Centers for Disease Control and Prevention. Clinical  
care of Balamuthia infection. 2025 [cited 2025 Apr 1].  
https://www.cdc.gov/balamuthia/hcp/clinical-care

13.	 Laurie MT, White CV, Retallack H, Wu W, Moser MS, 
Sakanari JA, et al. Functional assessment of 2,177 U.S. and 
international drugs identifies the quinoline nitroxoline  
as a potent amoebicidal agent against the pathogen  
Balamuthia mandrillaris. MBio. 2018;9:e02051-18.  
https://doi.org/10.1128/mBio.02051-18

14.	 Naber KG, Niggemann H, Stein G, Stein G. Review of the 
literature and individual patients’ data meta-analysis on  
efficacy and tolerance of nitroxoline in the treatment of 
uncomplicated urinary tract infections. BMC Infect Dis. 
2014;14:628. https://doi.org/10.1186/s12879-014-0628-7

1072	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 7, July 2026	



 B. mandrillaris Amebic Encephalitis, United States

15.	 Spottiswoode N, Pet D, Kim A, Gruenberg K, Shah M,  
Ramachandran A, et al. Successful treatment of  
Balamuthia mandrillaris granulomatous amebic encephalitis 
with nitroxoline. Emerg Infect Dis. 2023;29:197–201.  
https://doi.org/10.3201/eid2901.221531

16.	 Page MJ, Moher D, Bossuyt PM, Boutron I, Hoffmann TC, 
Mulrow CD, et al. PRISMA 2020 explanation and  
elaboration: updated guidance and exemplars for  
reporting systematic reviews. BMJ. 2021;372:n160.  
https://doi.org/10.1136/bmj.n160

17.	 Page MJ, McKenzie JE, Bossuyt PM, Boutron I,  
Hoffmann TC, Mulrow CD, et al. The PRISMA 2020  
statement: an updated guideline for reporting systematic 
reviews. BMJ. 2021;372:n71. https://doi.org/10.1136/bmj.n71

18.	 Mei J, Sheng F, Zhang C, Chen X. Imaging monitoring of 
Balamuthia granulomatous amoebic encephalitis. Clin Neurol 
Neurosurg. 2025;254:108917. https://doi.org/10.1016/ 
j.clineuro.2025.108917

19.	 Lehmer LM, Ulibarri GE, Ragsdale BD, Kunkle J. Cutaneous 
Balamuthia mandrillaris infection as a precursor to Balamuthia 
amoebic encephalitis (BAE) in a healthy 84-year-old  
Californian. Dermatol Online J. 2017;23:13030/qt8c8720qm. 
https://doi.org/10.5070/D3237035732

20.	 Edminster SY, Rebbe RW, Khatchadourian C, Hurth KM, 
Mathew AJ, Huss-Bawab J, et al. The role of plasma  
metagenomic sequencing in identification of Balamuthia  
mandrillaris encephalitis. Acta Neuropathol Commun. 
2025;13:60. https://doi.org/10.1186/s40478-025-01963-8

21.	 Tello-Zavala MC, Bravo-Oro A, Falcón-Escobedo R. Central 
nervous system infection in an immunocompetent Mexican 
child. Pediatr Infect Dis J. 2014;33:991, 995–6.

22.	 Li Q, Yang XH, Qian J. September 2004: a 6-year-old girl  
with headache and stiff neck. Brain Pathol. 2005;15:93–5. 
https://doi.org/10.1111/j.1750-3639.2005.tb00109.x

23.	 Atay Ünal N, Kuzucu P, Bedir Demirdağ T, Aykur M,  
Günsoy Kiliç Y, Güdeloğlu E, et al. 12-year-old boy with  
fever, headache and vomiting. Pediatr Infect Dis J. 2024; 
43:88–90. https://doi.org/10.1097/INF.0000000000004068

24.	 Qvarnstrom Y, Visvesvara GS, Sriram R, da Silva AJ.  
Multiplex real-time PCR assay for simultaneous detection 
of Acanthamoeba spp., Balamuthia mandrillaris, and  
Naegleria fowleri. J Clin Microbiol. 2006;44:3589–95.  
https://doi.org/10.1128/JCM.00875-06

25.	 Peng L, Zhou Q, Wu Y, Cao X, Lv Z, Su M, et al. A patient 
with granulomatous amoebic encephalitis caused by  
Balamuthia mandrillaris survived with two excisions and  
medication. BMC Infect Dis. 2022;22:54. https://doi.org/ 
10.1186/s12879-021-07020-8

26.	 Cuoco JA, Klein BJ, LeBel DP, Faulhaber J, Apfel LS,  
Witcher MR. Successful treatment of a Balamuthia mandrillaris  
cerebral abscess in a pediatric patient with complete 
surgical resection and antimicrobial therapy. Pediatr 
Infect Dis J. 2022;41:e54–7. https://doi.org/10.1097/
INF.0000000000003418

27.	 Doyle JS, Campbell E, Fuller A, Spelman DW, Cameron R,  
Malham G, et al. Balamuthia mandrillaris brain abscess 
successfully treated with complete surgical excision and 
prolonged combination antimicrobial therapy. J Neurosurg. 
2011;114:458–62. https://doi.org/10.3171/2010.10.JNS10677

28.	 Botterill E, Yip G. A rare survivor of Balamuthia  
granulomatous encephalitis. Clin Neurol Neurosurg. 2011; 
113:499–502. https://doi.org/10.1016/j.clineuro.2011.01.013

29.	 Mei J, Sheng F, Zhang C, Chen X. Corrigendum to “Imaging 
monitoring of Balamuthia granulomatous amoebic  
encephalitis”. Clin Neurol Neurosurg. 2025;256:109015. 
https://doi.org/10.1016/j.clineuro.2025.109015

30.	 Guarner J, Bartlett J, Shieh WJ, Paddock CD, Visvesvara GS, 
Zaki SR. Histopathologic spectrum and immunohistochemical 
diagnosis of amebic meningoencephalitis. Mod Pathol. 
2007;20:1230–7. https://doi.org/10.1038/modpathol.3800973

31.	 Dubey P, Kobpornchai P, Tongkrajang N, Chaiyaloom S, 
Lu C, Rice CA, et al. Drug susceptibility of a clinical isolate 
of Balamuthia mandrillaris, a pathogenic free-living amoeba. 
Antimicrob Agents Chemother. 2026;70:e0148225.  
https://doi.org/10.1128/aac.01482-25

32.	 Aboubechara JP, Kantamneni T, Pasao K. Balamuthia  
Mandrillaris central nervous system vasculitis in an  
immunocompetent child: case report. J Child Neurol. 
2025;40:366–70. https://doi.org/10.1177/08830738241307058

33.	 Degese MF, Prieto MP, Nigro MG, Perazzo J,  
Pérez Garófalo M, Lemir G, et al. Free-living amoebae 
infections: case reports identified at a reference parasitology 
laboratory in Argentina. Acta Parasitol. 2025;70:240.  
https://doi.org/10.1007/s11686-025-01198-6

34.	 Vollmer ME, Glaser C. A Balamuthia survivor. JMM 
Case Rep. 2016;3:e005031. https://doi.org/10.1099/
jmmcr.0.005031

35.	 Deetz TR, Sawyer MH, Billman G, Schuster FL,  
Visvesvara GS. Successful treatment of Balamuthia  
amoebic encephalitis: presentation of 2 cases. Clin Infect Dis. 
2003;37:1304–12. https://doi.org/10.1086/379020

36.	 Schuster FL, Yagi S, Gavali S, Michelson D, Raghavan R, 
Blomquist I, et al. Under the radar: Balamuthia amebic  
encephalitis. Clin Infect Dis. 2009;48:879–87. https://doi.org/ 
10.1086/597260

37.	 Cary LC, Maul E, Potter C, Wong P, Nelson PT, Given C II,  
et al. Balamuthia mandrillaris meningoencephalitis: survival 
of a pediatric patient. Pediatrics. 2010;125:e699–703.  
https://doi.org/10.1542/peds.2009-1797

38.	 Moriarty P, Burke C, McCrossin D, Campbell R, Cherian S,  
Shahab MS, et al. Balamuthia mandrillaris encephalitis:  
survival of a child with severe meningoencephalitis and 
review of the literature. J Pediatric Infect Dis Soc. 2014;3:e4–9. 
https://doi.org/10.1093/jpids/pit033

39.	 Orozco L, Hanigan W, Khan M, Fratkin J, Lee M.  
Neurosurgical intervention in the diagnosis and treatment  
of Balamuthia mandrillaris encephalitis. J Neurosurg. 
2011;115:636–40. https://doi.org/10.3171/2011.4.JNS102057

40.	 Yang Y, Hu X, Min L, Dong X, Guan Y. Balamuthia  
mandrillaris–related primary amoebic encephalitis in China 
diagnosed by next generation sequencing and a review of the 
literature. Lab Med. 2020;51:e20–6. https://doi.org/10.1093/
labmed/lmz079 

41.	 Yi Z, Zhong J, Wu H, Li X, Chen Y, Chen H, et al. Balamuthia 
mandrillaris encephalitis in a child: case report and literature 
review. Diagn Microbiol Infect Dis. 2021;100:115180.  
https://doi.org/10.1016/j.diagmicrobio.2020.115180

42.	 Hu J, Zhang Y, Yu Y, Yu H, Guo S, Shi D, et al.  
Encephalomyelitis caused by Balamuthia mandrillaris in a 
woman with breast cancer: a case report and review of the 
literature. Front Immunol. 2022;12:768065. https://doi.org/ 
10.3389/fimmu.2021.768065

43.	 American Academy of Pediatrics Committee on Infectious 
Diseases. Kimberlin DW, Banerjee R, Barnett ED, Lynfield R,  
Sawyer MH, editors. Red Book: 2024–2027 Report of the 
Committee on Infectious Diseases. 33rd edition. Elk Grove 
Village (IL): American Academy of Pediatrics; 2024.

Address for correspondence: Natasha W. Hanners, University of 
Texas Southwestern Medical Center, 5323 Harry Hines Blvd, Dallas, 
TX 75390, USA; email: natasha.hanners@utsouthwestern.edu

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 7, July 2026	 1073



1074	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 7, July 2026	

Author affiliations: University of California Los Angeles David  
Geffen School of Medicine, Los Angeles, California, USA  
(R. Zhuo, C.J. Matysiak Match, S. Malhotra, H.V. Dong, K. Adachi, 
R.S. Venick, G. Aldrovandi, S. Yang); Duke University School of 
Medicine, Durham, North Carolina, USA (R. Zhuo); University 
of California San Francisco School of Medicine, San Francisco, 
California, USA (C.J.M. Match)

DOI: https://doi.org/10.3201/eid3207.260284

Since late 2021, clusters of acute severe hepatitis of un-
known etiology in previously healthy children, including 
some requiring liver transplantation, have been report-
ed worldwide. Co-infection with adeno-associated virus 
type 2 (AAV2) and human adenovirus species F type 41 
(HAdV-F41) has been identified in most cases. Global in-
cidence peaked in 2022, and pediatric liver failure involv-
ing co-infection with AAV2 and HAdV-F41 has remained 
rare in recent years. We report 2 cases of pediatric liver 
failure associated with AAV2 and HAdV-F41 in Califor-
nia, USA, in March 2024 and January 2025. The patients 
had high adenovirus loads (393,000 and 480,000 copies/
mL), extended adenovirus viremia (2 and 3.5 months), 
and high AAV2 viral loads (1.3 and 1.0 × 106 copies/mL). 
One patient required liver transplantation; both patients 
recovered. Our findings underscore the need for height-
ened physician awareness and expanded surveillance 
to identify and characterize new cases, improve under-
standing of underlying pathophysiology, clarify risk fac-
tors, and inform therapeutic strategies.

Since late 2021, clusters of severe acute hepatitis 
in children have been linked to adeno-associat-

ed virus type 2 (AAV2) and co-infection with helper 
viruses, most frequently human adenovirus species 
F type 41 (HAdV-F41) but also Epstein–Barr virus 
(EBV), human herpesvirus 6, or both (1–6). This un-
expected surge of severe disease, uncharacteristic 

of AAV2 infection alone, has been hypothesized 
to result from altered patterns of childhood viral 
exposure during the COVID-19 pandemic, possi-
bly coupled with host immunogenetic susceptibil-
ity (3,7). More than 1,000 suspected cases of severe 
acute hepatitis across 35 countries were reported to 
the World Health Organization (WHO); ≈6% of pa-
tients required liver transplantation, and the mor-
tality rate was 1.8% (8–10). Environmental surveil-
lance (e.g., wastewater sampling) has demonstrated 
parallel peaks in community circulation of AAV2 
and HAdV-F41 during outbreak periods (11,12). 
By June 2023, the outbreak seemingly dissipated, 
with only rare reports of AAV2-associated hepatitis 
(13). We report 2 cases of acute non-A–E hepatitis 
with liver failure in previously healthy 3-year-old 
children in California, USA, in March 2024 and  
January 2025.

The Cases

Case 1
In March 2024, a previously healthy girl, 3 years and 
8 months of age, was brought to a hospital 3 days af-
ter she had jaundice scleral icterus, nonbloody non-
bilious emesis, and fatigue develop. Over the next 2 
days, pale stools and dark urine had developed. At 
home, her 2 older siblings reportedly had conjuncti-
vitis, but she remained afebrile without sore throat, 
cough, congestion, abdominal pain, diarrhea, rash, 
or conjunctivitis. She had not recently taken new 
medications, specifically no acetaminophen, and no 
suggestion of accidental substance ingestion was 
apparent. Her birth, medical, surgical, and family  
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histories were unremarkable for liver, autoimmune, 
or metabolic disease, as well as for immunodeficiency 
or recurrent infections. She had no allergies, and her 
immunizations were up to date except for COVID-19. 
Social and exposure history included household ex-
posure to dogs and cats.

On examination, she was comfortable and afe-
brile (36.3°C). Heart rate was 110 beats/min, respira-
tory rate 27 breaths/min, blood pressure 98/59 mm 
Hg, and oxygen saturation 95% on room air. Findings 
included scleral icterus and jaundiced skin; results of 
cardiopulmonary and neurologic examinations were 
unremarkable. Laboratory results showed leukocyte 
count of 7.46 × 109 cells/L (reference range 5.0–16.0 × 
109 cells/L), hemoglobin 12.4 g/dL (reference range 
11.5–14.0 g/dL), platelets 90 × 109/L (reference range 
140–400 × 109/L); alanine transaminase (ALT) was 
3,667 U/L (reference range 8–24 U/L), aspartate 
transaminase (AST) 4,945 U/L (reference range 20–39 
U/L), total bilirubin 10.8 mg/dL (reference range 
0.2–0.8 mg/dL), direct bilirubin 9.2 mg/dL (refer-
ence range <0.2 mg/dL), prothrombin time (PT) 21 
seconds (reference range 12.1–14.5 seconds), partial 
thromboplastin time (PTT) 32.2 seconds (reference 
range 25.1–36.5 seconds), international normalized 
ratio (INR) 1.9 (therapeutic range 2–3), ferritin 3,612 
ng/mL (reference range 8–180 ng/mL), ammonia 35 
µmol/L (reference range 18–90 mcg/dL), and gamma 
glutamyl transferase (GGT) 108 U/L (reference range 
7–68 U/L).

Results of standard viral hepatitis panels (A–E), 
herpesvirus testing, and BioFire FilmArray Gastroin-
testinal and Respiratory panels (bioMérieux, https://
www.biomerieux.com) including HAdV as a target 
were all negative; QuantiFERON-TB Gold (QIAGEN, 
https://www.qiagen.com) result was indeterminate 
(Table 1). Abdominal ultrasound showed increased 
hepatic echogenicity without biliary obstruction.

The patient was empirically treated with N-acetyl-
cysteine, cefepime, and metronidazole. Autoimmune 
serologies revealed a positive antinuclear antibody ti-
ter (1:160) and elevated IgG for her age (1,360 mg/dL, 
reference range 320–990 mg/dL). Results were nega-
tive for liver kidney microsomal 1, liver cytosol type 
1, mitochondrial, and smooth muscle antibodies.

On hospitalization day 2, her coagulation profile 
worsened; PT and INR rose in subsequent days to a 
peak of 51.9 seconds for PT and 5.6 for INR on day 
4. A percutaneous liver biopsy was performed after 
her coagulopathy was corrected with fresh frozen 
plasma and recombinant coagulation factor 7a that 
demonstrated panlobular severe acute hepatitis with 
lymphocytic predominance and 70%–80% hepatocyte 

loss. No viral inclusions were seen, and an adenovi-
rus antibody probe was negative.

On day 3, qualitative plasma PCR for adenovi-
rus returned a positive result, prompting initiation 
of cidofovir (5 mg/kg/wk intravenously). Quantita-
tive whole-blood adenovirus PCR (ARUP Laborato-
ries, https://www.aruplab.com) on day 8 measured 
393,000 copies/mL (log 5.6).

Given clinical and biochemical concern for pro-
gressive liver failure, she was listed for transplant on 
day 4 (with a calculated Pediatric End-Stage Liver 
Disease Score of 25). On day 5, hyperammonemia, 
altered mental status, and worsening coagulopathy 
developed, necessitating intubation and continuous 
renal replacement therapy for ammonia clearance; 
her transplant status was upgraded to 1A. She under-
went ABO compatible, whole-graft orthotopic liver 
transplantation on day 10. Weekly cidofovir was con-
tinued before and after transplantation for 40 days be-
cause of persistent adenovirus viremia, although PCR 
of explanted liver tissue was negative for adenovirus.

Case 2
In January 2025, a previously healthy boy, 3 years 
and 1 month of age, was brought to a hospital with 
a 1-day history of jaundice and scleral icterus. He 
had experienced 1 week of postprandial abdominal 
discomfort and 2 days of pale, foul-smelling stools. 
Three weeks before care was sought, he had 1 day of 
emesis and a subjective fever, without concurrent or 
subsequent respiratory symptoms, rash, conjunctivi-
tis, or diarrhea. His medical history was only notable 
for mild speech delay of unknown etiology without 
concerns for other growth or developmental delay. 
There was no reported family history of liver, auto-
immune, metabolic, disease, immunodeficiency, or 
history of recurrent infections.

At admission, he was found to be afebrile; vital 
signs included heart rate 115 beats/min, respiratory 
rate 22 breaths/min, blood pressure 98/56 mm Hg, 
and oxygen saturation 100% on room air. He ap-
peared comfortable. Examination showed diffuse 
jaundice, scleral icterus, and hepatomegaly. Initial 
laboratory results included leukocytes 10.55 × 109 
cells/L, hemoglobin 10.6 g/dL, and platelets 281 × 
109/L. Other notable laboratory results were ALT 
3,371 U/L, AST 5,651 U/L, total bilirubin 6.6 mg/dL, 
direct bilirubin 6.0 mg/dL, PT 17 seconds, PTT 33.4 
seconds, INR 1.5, ferritin 694, GGT 82 U/L, and am-
monia 44 µmol/L. Results of autoimmune hepatitis 
workup (smooth muscle, liver kidney microsomal 1, 
mitochondrial, systemic panel) and urine toxicology 
were negative. Routine infectious hepatitis panels 
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were likewise negative (Table 1), except for plasma 
adenovirus, which was PCR positive at 49 copies/mL 
(from referring hospital); rhinovirus/enterovirus de-
tected by a respiratory pathogen multiplex PCR; and 
sapovirus detected by BioFire FilmArray Gastrointes-
tinal Panel. However, results of both initial respira-
tory and stool panels were negative for adenovirus. 
Cytomegalovirus was detectable by blood PCR but 
below the limit of quantification (<35 copies/mL).

The patient remained afebrile and clinically sta-
ble throughout his admission. Initial adenovirus test-
ing suggested low risk for severe or disseminated 
disease, given the low plasma viral load (49 copies/
mL) and negative respiratory and stool panel results. 
On hospitalization day 6, a percutaneous liver biop-
sy revealed marked lobular inflammation, frequent 
acidophil bodies, ballooned hepatocytes, and focal 
bridging necroinflammatory activity; bile ducts were 
spared. Mixed inflammatory infiltrates (predomi-
nantly lymphocytes with eosinophils, neutrophils, 
and plasma cells) were noted. Results of special stains 
(Trichrome, periodic acid–Schiff, α1-antitrypsin, iron) 
and immunohistochemistry for cytomegalovirus, ad-
enovirus, and EBV (EBER) were all negative. Concern 

for acute liver failure prompted treatment with cido-
fovir (1 mg/kg on hospital days 7, 9, and 11) along-
side standard hydration and probenecid for renal 
protection. Intravenous methylprednisolone (1 mg/
kg 2×/d) was also initiated on day 7; the dose was 
lowered on day 11 (0.5 mg/kg 2×/d) and then tran-
sitioned to oral prednisolone on day 14. The patient 
tolerated cidofovir well without renal toxicities.

Subsequent testing demonstrated new adenovirus 
positivity in stool, and on day 11, repeat quantitative 
whole-blood adenovirus PCR showed 480,000 copies/
mL. Despite persistent high-level viremia, liver en-
zymes steadily improved. To enable transfer to outpa-
tient therapy, cidofovir was adjusted to 5 mg/kg/wk 
beginning on day 17. At discharge on day 18, jaundice 
and scleral icterus had markedly resolved, and trans-
aminase levels had declined (AST 218 U/L; ALT 360 
U/L), although quantitative adenovirus PCR returned 
564,000 copies/mL after discharge. The patient was 
discharged on oral steroids with plans for weekly ci-
dofovir infusions and weekly adenovirus PCR moni-
toring. Despite clinical improvement, adenovirus vire-
mia persisted for 3 months; cidofovir was continued 
for 6 months given prolonged steroid wean (Figure).

 
Table 1. Initial infectious workups for 2 pediatric cases of acute severe hepatitis of unknown etiology associated with adeno-
associated virus type 2 and human adenovirus species F type 41 co-infection, California, USA 

Pathogen Sample type Testing modality 
Result 

Case 1 Case 2 
Cytomegalovirus Blood PCR Negative Positive <35 copies/mL 
Cytomegalovirus IgG and IgM Blood Serology Negative IgG positive, IgM 

negative 
Epstein-Barr virus Blood PCR Negative Negative  

Blood Monospot Negative Negative 
Hepatitis A virus IgM Blood Serology Negative Negative 
Hepatitis B virus surface antigen Blood Serology Negative Negative 
Hepatitis B virus core antibody Blood Serology Negative Negative 
Hepatitis C virus antibody Blood Serology Negative Negative 
Hepatitis C virus Blood PCR Negative Not performed 
Hepatitis E virus Blood PCR Negative Not performed 
Hepatitis E virus IgG and IgM Blood Serology Negative Negative 
Parvovirus B19 Blood PCR Negative Negative 
Enterovirus Blood PCR Negative Negative 
Human herpes virus 6 Blood PCR Negative Negative 
Parechovirus Blood PCR Negative Negative 
Varicella-zoster virus IgM Blood Serology Negative Negative 
West Nile virus Blood PCR Negative Not performed 
West Nile virus IgG and IgM Blood Serology Negative Not performed 
Herpes simplex virus type 1 and 2 Blood PCR Negative Negative 
SARS-CoV-2 Mid-turbinate swab PCR Negative Negative 
Bartonella henselae IgG and IgM Blood Serology Negative Not performed 
Coccidioides IgG/IgM EIA Blood Serology Negative Not performed 
Cryptococcal antigen Blood Serology Negative Not performed 
QuantiFERON-TB Gold*   Indeterminant Indeterminant 
Leptospira    Negative 
BioFire Gastrointestinal Panel† Stool PCR Negative Positive, sapovirus 
ePlex Respiratory Pathogen Panel‡ Nasopharyngeal swab PCR Negative Positive, 

rhinovirus/enterovirus 
*QuantiFERON-TB Gold, QIAGEN, https://www.qiagen.com. 
†BioFire FilmArray Gastrointestinal Panel, bioMérieux, https://www.biomerieux.com. 
‡ePlex Respiratory Pathogen Panel, Roche, https://www.roche.com. 
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Materials and Methods
Our goal was to track the microbial etiology of acute 
hepatitis in both patients. We employed shotgun 
metagenomic next-generation sequencing (mNGS), 
targeted next-generation sequencing (tNGS), and 
quantitative PCR (qPCR) to track AAV2 load.

Genomic DNA Extraction and Sequencing
We extracted DNA from whole blood, plasma, and 
liver tissue (liver tissue available only from patient 
1) by using either the EZ1 Tissue Kit (QIAGEN) or 
the easyMAG system (bioMérieux). We then pre-
pared indexed libraries on a MagicPrep NGS System 
(Tecan, https://www.tecan.com) and sequenced 
on a MiSeq platform (Illumina, https://www. 
illumina.com) using a 2 × 250 bp pair-end proto-
col. We analyzed raw reads with the Chan Zucker-
berg ID (CZ ID) cloud-based metagenomic pipeline  
(https://www.czid.org).

AAV2 Detection and Quantification by qPCR
We detected AAV2 by using a published primer-
probe set (14). In brief, we performed real-time PCR in 
a 5-µL reaction volume containing 2.5 µL of 2X Prime-
Time Gene Expression Master Mix (Integrated DNA 
Technologies, https://www.idtdna.com), 0.25 µL of 
AAV2-specific assay mix (10 µmol primers, 5 µmol 
probe), 1.25 µL of nuclease-free water (Thermo Fisher 
Scientific, https://www.thermofisher.com), and 1 µL 
of template DNA. We conducted amplification on 
an Applied Biosystems 7500 Fast Dx Real-Time PCR 
System (Thermo Fisher Scientific) under the follow-
ing conditions: 95°C for 3 minutes, 40 cycles of 95°C 

for 5 seconds, and 60°C for 30 seconds. We quantified 
AAV2 viral load by using a standard curve gener-
ated from 10-fold serial dilutions of a custom oligo-
nucleotide (Integrated DNA Technologies) with the 
following sequence: 5′-CGGCCTCAGTGAGCGAGC-
GAGCGCGCAGAGAGGGAGTGGCCAACTCCAT-
CACTAGGGGTTCC-3′.

Adenovirus tNGS and Genotyping
We performed adenovirus genotyping by targeted 
amplification and sequencing of the hexon hypervari-
able region using published primers (15). We per-
formed PCR in a 20-µL reaction containing lyophilized 
High Fidelity PCR ecoDry Premix (TaKaRa Bio USA, 
https://www.takarabio.com), 1.6 µL of each primer 
(AD1 and AD2, 10 µmol), 16.8 µL of nuclease-free wa-
ter (Thermo Fisher Scientific), and 5 µL of template 
DNA. We performed amplification on a ProFlex PCR 
System (Thermo Fisher Scientific) under the follow-
ing conditions: 95°C for 1 minute; 35 cycles of 95°C for 
30 seconds, 51°C for 1 minute, and 68°C for 1 minute; 
and a final extension at 68°C for 3 minutes.

We purified amplicons with AMPure XP beads 
(Beckman Coulter, https://www.beckman.com), 
according to the manufacturer’s instructions, and 
sequenced on an Illumina MiSeq platform, as we 
described. We processed sequence reads using the 
CZ ID pipeline and mapped resulting hexon se-
quences against the human adenovirus 41 reference 
genome (GenBank accession no. OR628209) using 
Geneious Prime 2023.2.1 (https://www.geneious.
com). We confirmed genotype assignment BLAST 
analysis (https://blast.ncbi.nlm.nih.gov) against the  

Figure. Longitudinal human 
adenovirus species F type 
41 viral loads measured by 
quantitative PCR in whole-blood 
specimens from 2 pediatric 
cases of acute severe hepatitis 
of unknown etiology associated 
with adeno-associated virus type 
2 and human adenovirus species 
F type 41 co-infection, California, 
USA. Viral loads are plotted 
against hospital day, illustrating 
high viremia preceding antiviral 
therapy and liver transplantation 
in case 1, the subsequent 
decline during cidofovir 
treatment, and persistent low-
level detection despite clinical 
improvement in case 2.
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National Center for Biotechnology Information 
nucleotide database. We deposited sequence files 
generated in this study into GenBank (BioProject no. 
PRJNA1455204).

Results
For patient 1, shotgun mNGS identified AAV2 in both 
plasma and liver tissue. BLAST analysis revealed clos-
est homology to AAV2 isolate CHC3511 (GenBank 
accession no. MK163942.1), and genome mapping 
analysis showed 81.3% whole-genome coverage and 
95.4% identity (Table 2). AAV2 qPCR demonstrated 
high viral loads (1.3 × 106 copies/mL) in plasma and 
liver before liver transplantation and AAV2 clearance 
from plasma after transplantation. tNGS detected 
HAdV-F41 in whole blood but not in the liver, consis-
tent with the PCR results. The HAdV-F41 strain bears 
the closest similarity to human adenovirus 41 isolate 
2330/N.Nov/RU/2009 hexon gene, partial coding 
sequence 2330/N.Nov/RU/2009 (GenBank acces-
sion no. HM588740.1; 100% coverage, 96.7% identity). 
Adenovirus quantitative real-time PCR at a refer-
ence laboratory (ARUP Laboratories) demonstrated 
high-level HAdV-F41 viremia before transplantation 
and a decline during antiviral therapy but persistent 
low-level detection for weeks thereafter (Figure). The 
patient experienced an episode of mild T-cell medi-
ated rejection 1 month after transplantation, treated 
with intravenous steroid pulse for 1 week. She was 
discharged on day 36 receiving tacrolimus, pred-
nisolone, and antimicrobial prophylaxis, with plans 
to continue weekly cidofovir until blood adenovirus 
PCR was negative (Figure). She was weaned off ste-
roids and managed on tacrolimus monotherapy at 12 
months after transplantation. At 2 years after trans-
plantation, she had maintained normal biochemical 
graft function with no recent hospital admissions.

For patient 2, we identified AAV2 in plasma 
by using shotgun mNGS. BLAST analysis revealed 
closest homology to the AAV2 complete genome  

(GenBank accession no. NC_001401); genome map-
ping analysis showed 35.1% whole-genome cover-
age and 90.9% identity (Table 2). We also identified 
AAV2 in plasma (1 × 105 copies/mL), stool (1 × 105 
copies/mL), and whole blood (1 × 106 copies/mL) by 
qPCR. Targeted sequencing of the adenovirus hexon 
hypervariable region identified HAdV-F41 in whole 
blood with the closest homology to HAdV-F41 isolate 
2330/N.Nov/RU/2009 hexon gene, partial coding 
sequence (accession no. HM588740; 86% query cover-
age and 99.5% identity).

Clinically, the patient’s hepatic function panel 
normalized biochemically by late February 2025. 
Prednisone and cidofovir were continued for 6 
months at gradually lower doses (for prednisone) 
and longer intervals between infusions (for cidofo-
vir). Treatments were discontinued in July 2025, and 
the patient continued to have normal liver function 
tests for the next 6 months.

Discussion
An outbreak of acute severe hepatitis of unknown eti-
ology (ASHUE) predominantly in children <5 years 
of age was first recognized in 2021 (8,16). AAV2, a de-
pendoparvovirus that requires a helper virus (most 
commonly adenoviruses or herpesviruses) for pro-
ductive replication, has been implicated (17,18). In the 
ASHUE cases, HAdV-F41 commonly provides this 
helper function. Proposed pathogenic mechanisms in-
clude a tropism shift of HAdV-F41 permitting hepatic 
co-infection and activation of AAV2 replication in he-
patocytes and immune-mediated injury, potentially 
driven by high AAV2 antigen loads in the liver and 
shaped by host human leukocyte antigen (HLA) gen-
otype (e.g., enrichment for HLA-DRB1*04:01) (1,3,19). 
Initial surveillance in the United Kingdom detected 
adenovirus in 68% of ASHUE cases, predominately 
type 41F (20). An early case series from the United 
States found adenovirus in 8 (89%) of 9 children with 
ASHUE and detected 3 distinct HAdV-F41 variants 

 
Table 2. Genomic analysis for 2 pediatric cases of acute severe hepatitis of unknown etiology associated with AAV2 and HAdV-F41 
co-infection, California, USA* 

Case 
no. Source NGS method 

Virus 
identified 

% Genome/ 
gene 

coverage 
% 

Identity Reference genome/gene 

GenBank accession no. 
Reference 

isolate Patient isolate 
1 Plasma 

and liver 
Shotgun AAV2 81.3 95.4 AAV isolate 

CHC3511_AAV.FL.circular, 
complete genome 

MK163942 SRX33017783 

Whole 
blood 

Amplicon 
(hexon gene) 

HAdV-F41 100 96.7 HAdV-F41 isolate 
2330/N.Nov/RU/2009 hexon 

gene, partial cds 

HM588740 SRX33034982 

2 Plasma Shotgun AAV2 35.1 90.9 AAV2, complete genome NC_001401 SRX33017784 
Whole 
blood 

Amplicon 
(hexon gene) 

HAdV-F41 86 99.5 HAdV-F41isolate 
2330/N.Nov/RU/2009 hexon 

gene, partial cds 

HM588740 SRX33034983 

*AAV2, adeno-associated virus type 2; HAdV-F41, human adenovirus species F type 41; cds, coding sequence; NGS, next-generation sequencing. 
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among 5 sequenced isolates; none showed viral inclu-
sions or positive immunohistochemical staining in 
liver biopsies (21). In a larger analysis of >200 pediat-
ric patients with hepatitis of unknown etiology over 
a 7.5-month period, only 45% of cases were positive 
for adenovirus (16), so adenovirus infection alone did 
not explain that outbreak. That analysis also inves-
tigated whether the hepatitis resulted from change 
in immune response secondary to COVID-19 or  
COVID-19 vaccination, but <40% of patients had evi-
dence of ever having been infected with SARS-CoV-2, 
and only 4% had received >1 vaccine dose (16).

In the 2 cases we report, liver biopsies were nega-
tive for adenovirus by immunohistochemistry. More-
over, initial microbiological results identified high lev-
els (105–106 copies/mL) of adenovirus in patient blood 
but failed to detect adenovirus in the explanted liver 
tissue from patient 1, supporting the likelihood that 
HAdV-F41 did not directly cause severe hepatitis in 
the children. Of note, patient 1 experienced a very rap-
id disease course, just 3 days from symptom onset to 
fulminant liver failure, whereas prior AAV2 case series 
reported prodromal period lasting 2–12 weeks (3). The 
2 patients also had significantly higher adenovirus lev-
els (393,000 copies/mL and 480,000 copies/mL) than 
were found in previous reports, which showed a maxi-
mum of 156,400 copies/mL (21). Patient 1’s duration 
of adenovirus viremia for 2 months was likely affected 
by need for increased immunosuppression after liver 
transplantation. Patient 2’s profound adenovirus vire-
mia persisted for 3.5 months despite rapid clinical re-
covery and improved transaminase levels. Prolonged 
corticosteroid usage is suspected to have contributed 
to the prolonged viremia, although duration was lon-
ger than typically observed on antiviral treatment.

HAdV-F41 is an enteric adenovirus classically as-
sociated with acute gastroenteritis. Early in both cases 
we report, stool specimens were negative for adeno-
virus, but patient 2 later shed adenovirus in stool on 
hospital day 11, despite earlier detection of high-level 
viremia (105–106 copies/mL) in whole blood. Delayed 
enteric detection alongside marked viremia suggests 
possible altered tropism for HAdV-F41. Given that 
AAV2 integrates into human chromosome 19 and hu-
man peripheral blood mononuclear cells and hepa-
tocytes serve as targets (22–25), we hypothesize that 
HAdV-F41 acts as a helper in hematopoietic cells, 
amplifying AAV2 replication that subsequently in-
fects hepatocytes either directly causing liver injury 
or indirectly via immune-mediated mechanisms (26). 
That possibility is supported by the findings of high 
AAV2 loads (≈106 copies/mL) in liver tissue despite 
undetectable HAdV-F41 in the same sample. After 

transplantation, AAV2 cleared rapidly in plasma in 
parallel with clinical recovery, whereas adenovi-
rus viremia persisted for weeks, further implicating 
AAV2 as the primary driver of liver injury. After dis-
charge, we did not obtain sufficient specimens from 
patient 2 for AAV2 quantification in blood. Future 
in vitro studies of the HAdV-F41 and AAV2 strains 
isolated from the patients are warranted to elucidate 
their cell tropism, cellular pathogenesis, and underly-
ing mechanisms contributing to ASHUE in children. 

Multiple case–control studies employing mNGS 
have implicated AAV2 in acute pediatric hepatitis (1–3). 
In 1 US cohort, 93% of affected children tested positive 
for AAV2, compared with only 3.5% of matched con-
trols (1). Another study found AAV2 in all 5 patients 
who required liver transplantation (2). Historically, 
AAV2 has been viewed as hepatotropic, and transient 
hepatitis after AAV-based gene therapy vectors is well 
documented (27). Given AAV2’s known liver tropism, 
those observations strengthen the hypothesis that, un-
der specific conditions, primary AAV2 infection can 
precipitate severe liver injury. Seroprevalence of AAV2 
peaks among children 3–5 years of age (3), aligning 
with both our cases and the median age in the 2021–
2022 outbreak and suggesting that AAV2-associated 
hepatitis reflects acute rather than reactivated infection.

One study identified class II HLA-DRB1*04:01 
variant allele as a risk factor for AAV2-associated 
hepatitis (3). In the cases we report, patient 1 was 
found to have the HLA-DRB1*04:07 variant allele, dif-
fering by only 2 amino acids by preliminary typing. 
However, high-resolution NGS is needed for confir-
mation. Further investigation is required to delineate 
the molecular mechanisms by which specific HLA 
class II variants confer increased susceptibility and to 
define the spectrum of immunogenetic risk alleles in 
AAV2-related liver disease.

Clinically, given the relatively high severity of 
illness among children with ASHUE associated with 
AAV2–HAdV-F41, many patients are treated with ci-
dofovir and concomitant intravenous steroids. Steroids 
are used to control dysregulated immune responses; 
for some patients, the treatment normalizes liver func-
tion tests completely, and they can be weaned off 
steroids altogether. Other patients, however, remain 
immune-reactive and could go on to develop autoim-
mune hepatitis, requiring long-term maintenance im-
munosuppression and vigilant follow-up.

In conclusion, we identified HAdV-F41 and 
AAV2 co-infections in 2 pediatric ASHUE cases in 
California in 2024 and 2025, years after global out-
breaks subsided in 2022. AAV2 testing is not readily 
available in most clinical settings, but our case studies 
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suggest it remains in circulation and should be con-
sidered as a co-pathogen in ASHUE cases. The cas-
es we report highlight the importance of equipping 
clinical laboratories with molecular tools such as PCR 
and NGS to identify HAdV-F41 and AAV2 infections 
in children who have non-A–E hepatitis. Beyond lab-
oratory diagnosis, clinicians are encouraged to report 
unexpected ASHUE cases or clusters to public health 
authorities, even in the absence of official reporting 
requirements, because that practice is critical for ef-
fective surveillance. Our findings underscore the 
need for heightened physician awareness for pediat-
ric liver failure associated with AAV2 and HAdV-F41 
and expanded surveillance to promptly identify and 
characterize new cases, improve understanding of the 
underlying pathophysiology, clarify risk factors, and 
inform future therapeutic strategies.

This case report describes <3 patients and, per UCLA 
institutional policy, does not require Institutional Review 
Board (IRB) approval. Written informed consent for  
publication was not obtained. All identifying information 
has been removed, and the case has been fully  
anonymized to protect patient privacy. Publication is  
considered ethically appropriate in accordance with  
institutional and journal guidelines.

This study was funded by the UCLA Department of 
Pathology and Laboratory Medicine. H.V.D.’s contribution 
was supported by the National Institutes of Health (award 
no. T32 AI177290). The content is solely the responsibility 
of the authors and does not necessarily represent the  
official views of the National Institutes of Health.
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Although enterovirus D68 (EV-D68), first iso-
lated in 1962, has been considered an emerging 

pathogen since 2008 (1), it attracted attention after 
the US Centers for Disease Control and Prevention 
(CDC) issued alerts in 2014 (2), which were followed 
by reports of numerous cases worldwide (3). EV-
D68 causes severe respiratory infections in children 
and adults, particularly in patients with underlying  
respiratory disease (3,4). Neurologic complications 
can occur, and some constitute a specific neurologic 
entity, acute flaccid myelitis (AFM), characterized 
by frequent sequelae (5). Several countries have thus 
strengthened existing surveillance of enterovirus in-
fections by combining it with respiratory, syndromic 
(asthma-like illness, AFM, or both) or even environ-
mental surveillance (6–9). After markedly reduced 
circulation in 2020, EV-D68 infections resurged in 
autumn 2021, 2022, and 2023 in Europe (4,8,10–12) 
and in 2022 across the United States with increase 
in respiratory illness in pediatric patients (13). More 
recently, enhanced genomic surveillance evidenced  

EV-D68 upsurges in 2024 in Italy (9), Spain (14), and 
the United States (15). 

To date, EV-D68 strains are divided into 3 geno-
types and 5 subgenotypes, designated A (A1 and A2, 
also referred to as clade D in some studies), B (B1–B3), 
and C. Since 2017, EV-D68 epidemics have been as-
sociated with the cocirculation of the subgenotypes 
B3 and A2 on all continents (16). In France, enterovi-
rus surveillance involves a network of 32–36 hospital 
virology laboratories, the Enterovirus Surveillance 
Network (ESN), including the 2 enterovirus national 
reference laboratories (NRLs), based in Clermont-
Ferrand (University Hospital of Clermont-Ferrand, 
France, coordinator) and in Lyon (Hospices Civils 
de Lyon, France, associate). Since the reemergence 
of EV-D68 in 2014, network members are regularly 
encouraged to screen respiratory specimens for EV-
D68 at least in patients with severe infection (17). 
Such screening enabled the detection of EV-D68 epi-
demics in 2014, 2016, and 2018 (4,17,18), and then in 
2021, 2022, and 2024 (19). Here, we describe the 2024  
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In 2024, an early and rapid rise in enterovirus D68 (EV-
D68) infections in France prompted the implementation 
of enhanced nationwide surveillance to characterize the 
outbreak. EV-D68 screening was performed as part of the 
routine hospital strategy of the 2 national reference labora-
tories and of the national surveillance of enterovirus infec-
tions. Of 919 patients, 49.1% (451/919) were adults. Se-
vere infection was reported in 169 patients (102 children 
and 67 adults). We observed neurologic complications in 

7 children (seizures and encephalitis) and 4 adults (my-
elitis). Infections peaked in week 38 and were associated 
with subgenotypes A2 and B3; A2 predominated, particu-
larly in adults (317/457 [69.3%] A2 infections). Complete 
genome analyses identified a new A2-derived lineage with 
mutations clustering in exposed regions of viral capsid 
protein 1. Our findings highlight the substantial clinical im-
pact of EV-D68 in adults as well as children, underscoring 
the need for broad clinical and genomic surveillance.

1Additional members of Enterovirus Surveillance Network who 
contributed data are listed at the end of this article.
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EV-D68 upsurge in France characterized by early 
circulation, detected as early as June, as well its ef-
fect on the adult population, and the cocirculation 
of B3 and A2 subgenotypes, including a new A2-
derived lineage.

Methods

Patient Population, Study Design and Molecular 
Testing of Clinical Specimens
Respiratory specimens were tested for EV-D68 either 
by an EV-D68 real-time reverse transcription PCR or 
by sequencing the viral protein (VP) 4/VP2 coding 
region (20–22). EV-D68 testing was done as part of 
the routine hospital diagnostic and genotyping strat-
egies for enterovirus/rhinovirus-positive respiratory 
specimens from patients of all ages and year-round 
at NRL1, or for all respiratory specimens from chil-
dren <5 years of age during September–November at 
NRL2. Both NRLs also analyzed enterovirus-positive 
samples from the ESN throughout the year, regard-
less of the sample type. The observation of early 
circulation and the increased detection of EV-D68 
cases prompted the NRLs to implement an enhanced  

EV-D68 surveillance nationwide in France during 
September 2–December 1, 2024 (weeks 36–48). En-
hanced surveillance consisted of extended EV-D68 
screening to children <10 years of age starting week 
36 in NRL2 and asking the ESN to retroactively and 
prospectively send enterovirus- or rhinovirus-pos-
itive respiratory specimens for EV-D68 screening 
by prioritizing samples from patients with severe 
infection. To determine whether the 2024 upsurge 
displayed distinct epidemiologic features compared 
with previous years, we compared the EV-D68 posi-
tivity rate of samples in 2024 with those in 2021–2023 
(weeks 36–48) in both NRLs, whose strategies re-
mained unchanged during 2021–2024. We considered 
3 age groups: children <5 years of age (separated data 
for each NRL), children 5–17 years of age (data for 
NRL1), and adults >18 years of age (data for NLR1).

Patients and Clinical Characteristics
We retrospectively collected demographic and clini-
cal characteristics from medical charts. Severity  
criteria included admission to intensive care when 
not attributable to another cause, respiratory dis-
ease requiring intravenous corticosteroids, high-flow  

Figure 1. Distribution of infections from report on national surveillance of enterovirus D68 upsurge, France, 2024. A) Weekly distribution 
of infections in 2024. B) Distribution of subgenotype percentages. Each genotype is represented by a color, the intensity of which 
indicates the age group (children <18 years of age, adults >18 years of age). 

Enterovirus D68 Upsurge, France, 2024
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oxygen therapy or intubation, encephalitis, complex 
seizures, myelitis, and death, including sudden in-
fant death. The ethics committee of Centre Hospital-
ier Universitaire de Clermont Ferrand approved this 
study (IRB00013412; CHU de Clermont Ferrand IRB 
#1, IRB no. 2024-CF393).

VP1 and Complete Enterovirus Genome Sequencing
We determined the complete or partial VP1 sequences 
of EV-D68–positive specimens by in-house gene am-
plification and Sanger sequencing to assign a phyloge-
netic subgenotype (4). We compared the proportions of 
the different subgenotypes identified nationally among 
children and adults in 2024 with those of the 2016–2023 
period. We performed whole-genome sequencing 
by next-generation sequencing (NGS) methods on a  

subset of samples representing the full genetic diversity 
observed in the 1D sequences (encoding the VP1 cap-
sid protein) in 2021–2024, either after amplification of 
full-length genome (at NRL1) or using a metatranscrip-
tomic approach (at NRL2) (23) (Appendix, https://
wwwnc.cdc.gov/EID/article/32/6/26-0044-App1.
pdf). We deposited all complete genome sequences 
in GenBank (accession nos. PQ612496–575, PP947790–
800, and PP548243–8).

Data Collection, Sequence Processing,  
and Bayesian Inference
As of June 1, 2025, we retrieved all available EV-D68 
sequences >6,000-nt long that were deposited in Gen-
Bank, yielding a total of 1,813 sequences, including 
the 97 sequences obtained in this study from 2021–

Figure 2. Distribution of EV-D68 subgenotype infections by year from report on national surveillance of enterovirus D68 upsurge, 
France, 2016–2024. Curve shows total number of infections per year. Children are defined as patients <18 years of age, adults >18 
years of age. EV-D68, enterovirus D68.

Figure 3. Percentages of positive samples, by week and by age group, from report on national surveillance of enterovirus D68 upsurge, 
France, 2021–2024. Data are based on routine hospital strategies of each of the 2 NRLs. To determine whether the 2024 upsurge had 
distinct epidemiologic features compared with previous years, we compared the positivity rate of samples in 2024 with those in 2021–
2023 (weeks 36–48) in both NRLs. We included 3 age groups: children <5 years of age (data for both NRLs), children 5–17 years of age 
(data only for NRL1), and adults >17 years old (data only for NRL1). NRL, national reference laboratory; W, week. 
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2024. After filtering steps (i.e., exclusion of sequences 
<6,495 nt and clusters of sequences collected in the 
same country and year that displayed <0.5% genetic 
differences), we obtained a final alignment compris-
ing 449 high-quality EV-D68 sequences, including 
42 study sequences (2024, n = 19; 2023, n = 8; 2022, 
n = 13, 2021, n = 2). We analyzed Bayesian inference 
using an uncorrelated lognormal relaxed molecular 
clock model to accommodate rate variation among 
lineages. We used the coalescent Bayesian Skyline 
model as the tree before accounting for demographic 
history. We modeled nucleotide substitutions using 
the general time reversible substitution model. We 
jointly estimated phylogenetic parameters through a 
Markov chain Monte Carlo process that ran for 500 
million generations.

Complete Genome and P1 Region  
Amino Acid Sequence Analyses
We compared the consensus of complete coding 
sequences indicating the predominant amino ac-
ids between historical strains A2-I and B3-I and the 
2024 study strains A2-II and B3-II. We determined 
the positions of the mutations by aligning sequences 
with the prototype sequence (GenBank accession no. 
AY426531; Fermon strain). We predicted the 3-di-
mensional pentameric structure of A2 strains from 5 
copies of the VP1–VP4 protein sequences using Al-
phaFold (https://alphafoldserver.com).

Statistical Analysis
We conducted group comparisons by Fisher exact test; 
p<0.05 indicated a statistically significant difference.  

 
Table 1. Patient characteristics and clinical outcomes in study of EV-D68 upsurge, France, 2024* 

Characteristic Children 0–17 y, n = 363 
Adults 

18–64 y, n = 155 >65 y, n = 134 Total, n = 289 
Median age, y (IQR) 2.0 (0.04–7) 45 (34–56) 76 (70–82) 62 (43–75) 
Female/male ratio 0.76 0.49 0.55 1.08 
EV-D68 severe infections 102/363 (28.1) 38/155 (24.5) 29/134 (21.6) 67/289 (23.2) 
Hospitalization† 308/358 (86.0) 126/150 (84.0)  127/131 (96.9) 253/281 (90.04) 
Intensive care unit‡ 85/343 (24.78) 42/143 (29.4) 27/125 (21.6) 69/268 (25.75) 
Death 2/363 (0.6)§ 3/155 (1.9) 6/134 (4.5) 9/289 (3.1)¶ 
*Values are no. (%) except as indicated. EV-D68, enterovirus D68; IQR, interquartile range. 
†Hospitalization requirement was reported for 358 children and 281 adults. 
‡Intensive care requirement was reported for 343 children and 268 adults. 
§Sudden infant death syndrome. Although EV-D68 was the only detected pathogen, EV-D68 infection was considered as the possible cause of death; 
attributing causality can be challenging without thorough investigation in such contexts. 
¶Among the 9 adults, the EV-D68 infection was considered as the probable cause of death in 4 patients (EV-D68 was the only detected pathogen) and as 
possible in 5 patients (evidence or strong suspicion of bacterial co-infection). 

 

 
Table 2. Clinical characteristics of cases in study of enterovirus D68 upsurge, France, 2024* 

Characteristic 

Children 0–17 y, n = 363 

 

Adults >18 y, n = 289 

 

Total, N = 652 
No. (%) 
patients 

No. (%) severity 
criteria 

No. (%) 
patients 

No. (%) severity 
criteria 

No. (%) 
patients  

No. (%) severity 
criteria 

Respiratory symptoms 332 (91.5) 91 (25.1)  278 (96.2) 55 (19.0)  610 (93.6) 146 (22.4) 
 URTI 100 (27.5) 3 (0.8)  81 (28.0) 0  181 (27.8) 3 (0.5) 
 Asthma 147 (40.5) 61 (16.8)  33 (11.4) 11 (3.8)  180 (27.6) 72 (11.0) 
 Bronchiolitis, bronchitis, 
 bronchial syndrome 

45 (12.4) 12 (3.3)  24 (8.3) 0  69 (10.6) 12 (1.8) 

 Pneumonia 18 (5.0) 4 (1.1)  52 (18.0) 15 (5.2)  70 (10.7) 19 (2.9) 
 Dyspnea 5 (1.4) 0  15 (5.2) 0  20 (3.1) 0 
 Neonatal apnea/distress 3 (0.8) 0  NA NA  3 (0.5) 0 
 Acute exacerbation of COPD NA NA  41 (14.2) 12 (4.2)  41 (6.3) 12 (1.8) 
 Respiratory distress 15 (4.1) 7 (1.9)  31 (10.7) 17 (5.9)  46 (7.1) 24 (3.7) 
Neurologic symptoms 17 (4.7) 7 (1.9)  5 (1.7) 4 (1.4)  22 (3.4) 11 (1.7) 
 Seizures 14 (3.9) 7 (1.9)  1 (0.3) 0  15 (2.3) 7 (1.1) 
 Encephalitis 4 (1.1) 4 (1.1)  0 0  4 (0.6) 4 (0.6) 
 Meningitis 1 (0.3) 0  0 0  1 (0.2) 0 
 Myelitis, Guillain-Barré 
 syndrome 

0 0  4 (1.4) 4 (1.4)  4 (0.6) 4 (0.6) 

 Other 1 (0.3)† 0  0 0  1 (0.2) 0 
Cardiovascular symptoms 2 (0.6) 2 (0.6)  21 (7.3) 14 (4.8)  23 (3.5) 16 (2.5) 
 Decompensated heart failure 1 (0.3) 1 (0.3)  15 (5.2) 7 (2.4)  16 (2.5) 8 (1.2) 
 Myocarditis 1 (0.3) 1 (0.3)  0 0  1 (0.2) 1 (0.2) 
 Sepsis, shock 0 0  12 (4.2) 11 (3.8)  12 (1.8) 11 (1.7) 
Enteric symptoms 57 (15.7)‡ 0  25 (8.7)‡ 0  82 (12.6) 0 
Isolated fever 6 (1.7) 0  7 (2.4) 0  13 (2.0) 0 
*A given patient may experience >1 clinical item. COPD, chronic obstruction pulmonary disease; NA, not applicable; URTI, upper respiratory tract 
infection. 
†Irritability and hypotonia. 
‡Acute gastroenteric symptoms were the only clinical signs in 9 children and 2 adults. 
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We used GraphPad Prism version 8.0.2 (GraphPad Soft-
ware, https://www.graphpad.com) for all analyses.

Results

Epidemiologic Characteristics of the  
2024 EV-D68 Epidemic
We detected a total of 919 EV-D68 infections, 468 
(50.9%) of which occurred in children. The EV-D68 epi-
demic peaked in week 38; the first consecutive weekly 
seasonal cases were detected starting week 29 (Figure 
1, panel A). The age distribution of EV-D68 infections 
shifted over time. Whereas 332/532 (60.7%) samples 
collected during weeks 26–39 were from children, 
247/378 (65.3%) samples collected from week 39 on-
ward were from adults. Clade subgenotyping was pos-
sible for 721 (78.5%) of the 919 samples, among which 
367 were from children and 354 from adults. Subgeno-
types B3 and A2 cocirculated; A2 was predominant in 
457/721 (63.3%) samples. Subgenotype B3 was more 
frequently detected in children (227/367 [61.8%]) 
than in adults (37/354 [10.5%]; p<0.0001); adults 
were more frequently infected with subgenotype A2 
(317/354 [89.5%]) (Figure 1, panel B; Appendix Table).  

Subgenotype A2 became predominant from week 34, 
accounting for 64% of samples during weeks 34–48, 
and seemed to expand again after 5 years of B3 pre-
dominance (Figure 2). 

To further characterize the upsurge, we compared 
the EV-D68 positivity rate of samples collected during 
weeks 36–48 of 2021–2024, exclusively using data from 
the routine hospital activity of the NRLs whose strate-
gies have remained unchanged since 2021 (Figure 3). 
Among children <5 years of age, we observed a signifi-
cant increase in EV-D68 prevalence in 2024 compared 
with 2022 and 2023, regardless of the testing strategy in 
each NRL. In 2024, a sustained circulation (>10% posi-
tivity rate) was documented earlier and over a longer 
period than in 2021, at 6 weeks versus 3 weeks. In the 
adult population, the 2024 epidemic was characterized 
by a higher positivity rate (2021–2024, p<0.01; 2022–
2024 and 2023–2024, p<0.0001) and a broader temporal 
amplitude than in previous years.

Demographic and Clinical Characteristics of  
EV-D68 Infections
Clinical data were available for 668/919 patients 
with EV-D68 infections. We excluded 16 patients, 

Figure 4. Time-scaled phylogeny 
of enterovirus D68 from report 
on national surveillance of 
enterovirus D68 upsurge, France, 
2024. We reconstructed a time-
calibrated phylogenetic tree 
based on all available complete 
or near-complete (<6,495 nt) 
ORF sequences retrieved 
from GenBank, along with the 
sequences generated in this study. 
We subsampled and analyzed 
a total of 449 sequences using 
Bayesian inference with BEAST 
version 2.6.3 (https://beast.
community), running a Markov 
chain of 500 million generations. 
We summarized the maximum 
clade credibility tree using 
TreeAnnotator (https://beast.
community/treeannotator), and 
visualized with iTOL (https://
itol.embl.de). We added 2 outer 
annotation rings, the outer ring for 
the continent or country of origin 
and the inner ring for the year 
of sampling. Previously defined 
clades (A1, A2, B1–B3, and C) 
are labeled and highlighted for 
branches and taxa: pink for clade 
A1, light purple for A2 and darker 
purple for sequences from the newly identified 2024 A2 subgroup A2-II, light orange for B1, yellow for B2, peach for B3, and light green 
for C. We identified the 2 groups of B3 sequences in this study as B3-I (ancestral) and B3-II. Blue dots indicated at the taxon names 
indicate sequences generated in this study in 2024. Scale bar represents the divergence in years relative to 2024. 
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7 children and 9 adults, because EV-D68 was con-
sidered unlikely on the basis of their clinical symp-
toms. We analyzed demographics, clinical outcomes 
(Table 1), and clinical characteristics (Table 2) for the 
652 remaining patients. A total of 308/358 children 
and  253/281 adults required hospitalization; of the 
adults, 126/150 were 18–64 years of age and 127/131 
>65 years of age. Hospitalization rate was significant-
ly higher in adults >65 years of age (96.9%) than in 
children (86.0%; p = 0.0003) and than in adults 18–64 
years of age (84.0%; p = 0.0002) (Table 1). Intensive 
care was needed for 85/343 children and 69/268 
adults; of the adults, 42/143 were 18–64 years of age 
and 27/125 were >65 years of age. Infections met se-
verity criteria in 102/363 (28.1%) children and 67/289 
(23.2%) adults. We observed no association between 
clade and severity. 

Respiratory symptoms were predominant in both 
children and adults. Eleven patients (1.7%) experi-
enced severe neurologic symptoms associated with 
respiratory signs. Although none of the children ex-
perienced AFM, 4 adults were hospitalized with my-
elitis, 1 case of facial paralysis with left motor deficit 

and 3 cases of Guillain-Barré syndrome (GBS). All 3 
GBS patients experienced abolished osteotendinous 
reflexes and rapidly progressive motor paralysis, fol-
lowed by acute respiratory failure requiring intensive 
care. GBS was documented on electroneuromyogra-
phy for 2 patients. EV-D68 was the only pathogen 
detected in 2 patients with GBS and was associated 
with multiple pathogens in the third patient. All adult 
neurologic cases were associated with subgenotype 
A2 infection.

Phylogenetic and Amino Acid Variation Analyses
Phylogenetic analysis of 449 near-complete coding se-
quences showed that most of the 2024 sequences clus-
tered into 2 defined, well-supported groups, desig-
nated A2-II and B3-II in this study, distinct from other 
sequences among subgenotypes A2 and B3 (Figure 4). 
B3-II included most of the study sequences and re-
cent 2024 outbreak strains from the United States and 
Italy and 2023 strains from the Netherlands, Senegal, 
and France (Figure 5). It likely emerged around early 
2021 (time to most recent common ancestor 2021.2 
[95% high posterior probability 2020.7–2021.6]) and is  

Figure 5. Subtree of Bayesian time-scaled phylogeny of enterovirus D68, subgenotype B3, from report on national surveillance of enterovirus 
D68 upsurge, France,  2024. Phylogeny created using BEAST version 2.6.3 (https://beast.community). Subtree focusing on the study strains 
belonging to subgenotype B3 was extracted from the complete time-calibrated phylogenetic tree. The estimated ages of the most recent 
common ancestors from the root of each clade to the year 2024 are indicated. Red stars at nodes indicate posterior probabilities >0.9, star 
sizes are proportional to posterior probability (larger symbols indicate values closer to 1). Colors at right indicate country of origin for each 
strain. Blue dots indicated at the taxon names indicate sequences generated in this study in 2024. GenBank accession numbers are provided. 
An expanded version of this figure is available online (https://wwwnc.cdc.gov/EID/article/32/7/26-0044-F5.htm).
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distinct of a broader B3 lineage, B3-I, mainly com-
posed of strains collected in 2022–2023 worldwide. 
Three amino acid changes distinguished the B3-II 
group from B3-I group (Figure 6), all located outside 
the capsid region. The group A2-II formed a new 
A2 lineage comprising only sequences from 2024 
strains collected mostly in France and Italy (9) (Fig-
ure 7). Time to most recent common ancestor was 
estimated at 2022.1 (95% high posterior probability 
2021.2–2022.6); it shared a common ancestor with a 
lineage composed primarily of strains collected since 
2019 in Europe and in the United States. That A2-II 
lineage exhibited 4.4% nucleotide and 1.4% amino 
acid divergence; 25 amino acid positions shifted in 
predominant residues of several proteins, compared 
with ancient A2 strains (Figure 8). In 15/25 positions, 
the dominant amino acids in 2024 strains (>90% prev-
alence) were previously minor variant in historical 
A2 sequences. Mutations in VP1 were located in key 
structural regions: the BC loop (residues 90–103), DE 
loop (110–169), GH loop (178–218), and the C-termi-
nal domain (277–311) (24). Structural mapping onto 
a capsid pentamer model revealed that these capsid 
mutations are surface exposed (Figure 9, panels A, B).

Discussion
We report the 2024 EV-D68 upsurge in France, which 
was characterized by an early onset, with the first 
consecutive weekly cases detected at the beginning 

of summer, and the highest number of cases detected 
by hospital-based surveillance since the reappearance 
of this virus in 2014. Those features can be partly ex-
plained by the enhanced laboratory surveillance and 
the intensive participation of the ESN, which sent 11 
times more samples in 2024 than in 2021–2023. How-
ever, we observed higher EV-D68 positivity rates in 
2024 than in 2021–2023 in both NRLs; each laboratory 
applied comparable strategies over the period. The 
adult population was particularly affected, as already 
observed for the EV-D68 surge reported in Italy in 
2024 compared with 2023 (9). 

US multimodal surveillance of EV-D68 infections 
showed that the syndromic surveillance for asthmatic 
illness provided the best estimate of EV-D68 disease 
burden because of continued limited and selective 
sampling and testing for EV-D68 (6). However, that 
approach focused mainly on the pediatric popula-
tion (13). In a Europe-based study, the combination of 
clinical enterovirus and respiratory surveillance was 
the most effective for detecting EV-D68 cases (11). In 
our study, year-round systematic screening for en-
terovirus/rhinovirus in respiratory samples using a 
diagnostic method capable of detecting EV-D68, fol-
lowed by genotyping of positive samples, enabled the 
timely detection of EV-D68 upsurge. Of note, that sur-
veillance approach, even when implemented across a 
limited number of laboratories, could therefore trig-
ger an alert to the public health authorities. 

It is also important to raise clinician awareness 
about the need to reinforce EV-D68 screening not only 
in children but also in adults, particularly those with 
underlying or severe conditions, to enable a more  
accurate assessment of the effect of EV-D68 on this 
often underrecognized population (4,25,26). It has 
been widely reported that children are at greater 
risk of developing severe forms of EV-D68 infections 
(3,5); however, the resurgence observed in France in 
2024 was associated with significant illness in adults. 
In the 2024 outbreak, 25.8% of adults required ad-
mission to intensive care departments, similar to the 
rate among children (24.8%). Regarding neurologic 
complications associated with EV-D68 infections, 
7 (1.9%) children and 4 adults (1.4%) experienced 
severe neurologic signs; none of the children had 
signs of AFM but they did have seizures and signs 
of encephalitis. Among EV-D68 cases reported by 13 
countries in 2021–2022 in Europe, 43 patients (6.8%) 
displayed neurologic disorders and half of those 
were diagnosed with seizures, encephalitis, menin-
gitis, or AFM (8). The decrease in incidence of neuro-
logic complications was also observed in the United 
States, where EV-D68 upsurges have not been asso-

Figure 6. Amino acid change analysis of enterovirus D68, 
subgenotype B3, from report on national surveillance of 
enterovirus D68 upsurge, France, 2024. Amino acid substitutions 
leading to changes in the predominant residues between B3-II (n 
= 61 sequences) and the monophyletic clade corresponding to the 
nearest common ancestor B3-I (n = 106 sequences) are shown. 
Mutation positions are numbered according to the reference 
Fermon strain (GenBank accession no. AY426531) and annotated 
by the corresponding nonstructural viral proteins (3A and 3D). 
For each of the positions showing a mutation in the new group, 
the frequency of each amino acid was visualized using WebLogo 
(https://weblogo.threeplusone.com). A, alanine; I, isoleucine; T, 
threonine; Y, tyrosine; V, valine. 
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ciated with resurgences of myelitis since 2019, de-
spite an effective surveillance of AFM cases (6,7). 
Since 2019, circulating EV-D68 viruses might be less 
neurotropic or less likely to cause neurologic disease 
than were viruses from 2014, 2016, and 2018 (11). 
All mutations, except for VP1:D283E, which was 
previously associated with neurovirulence traits 
(27), were absent in 2024 strains, including those of 

subgenotype A2 associated with the 4 adult cases 
of myelitis. Three of those adult cases were report-
ed to be GBS. Because the AFM criteria are mainly 
based on pediatric cases (7,28) and that distinction  
between AFM and GBS might be challenging (27)  
particularly in adults, it is relevant to retain a broad and  
nonspecific definition such as acute flaccid paralysis, 
for the surveillance of EV-D68–associated myelitis.

Figure 7. Subtree of Bayesian time-scaled phylogeny of EV-D68, subgenotype A2, from report on national surveillance of enterovirus 
D68 upsurge, France, 2024. Phylogeny created using BEAST version 2.6.3 (https://beast.community). A subtree focusing on the most 
recent strains of subgenotype A2 was extracted from the complete time-calibrated phylogenetic tree of EV-D68. The estimated ages of 
the most recent common ancestors (MRCAs) from the root of each clade to the year 2024 are indicated. Red stars at nodes indicate 
posterior probabilities >0.9, star sizes are proportional to posterior probability (larger symbols indicate values closer to 1). Colors at 
right indicate country of origin for each strain. Blue dots indicated at the taxon names indicate sequences generated in this study in 
2024. GenBank accession numbers are provided. An expanded version of this figure is available online (https://wwwnc.cdc.gov/EID/
article/32/7/26-0044-F7.htm).
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B3-derived lineages were predominantly asso-
ciated with recent EV-D68 outbreaks in Europe; an 
A2-derived lineage dominated the second part of the 
2024 outbreak and was detected elsewhere in Europe, 
in North America, and in Asia. Since 2016, the main 
circulation of clade A2 in France had been observed 
only in 2018 (51% of EV-D68 infection), mainly in 
adults (4). Despite a new circulating lineage, the pre-
viously reported association of infection by the A2 
subgenotype with adult patients (4,29) remained true 
in 2024 (12). Genomes of 2024 A2 viruses were genet-
ically close to strains that simultaneously circulated 
in Italy, where the median age of cases with EV-D68 
A2 lineage was 10-fold higher than that of cases with 
B3 subgenotype (9). Extensive genomic surveillance 
demonstrated periodic replacement of B3-derived 
lineages between epidemics and rapid renewal of 
epitopes in capsid proteins (particularly the BC and 
DE loops, and C-terminal end of the VP1 protein),  

potentially associated with antigenic evolution 
(1,8,10–12,29). Meanwhile, evolution of A2 viruses 
was also ongoing (11,12); numerous amino acid mu-
tations accumulated that concentrate in VP1 surface 
loops and adjacent VP2 and VP3 surfaces, where 
neutralizing epitopes and receptor interaction clus-
ter (15,29). In addition to functional implications, 
such as changes in receptor binding and increased 
transmissibility, those mutations could also have 
immunologic consequences that could explain the 
age–subgenotype association (4,9,29,30). The ami-
no acid changes in the surface of recent A2 viruses 
could reduce cross-clade immunity (31) and fos-
ter reinfection of adults. Seroprevalence studies in 
adults that include strains from different subgeno-
types are needed to determine the level of immunity 
to different and recent viruses. Adults could also be 
more susceptible to infection because of underlying 
conditions or specific mutations elsewhere in the  

Figure 8. Amino acid change 
analysis of enterovirus D68, 
subgenotype A2, from report on 
national surveillance of enterovirus 
D68 upsurge, France, 2024. 
Amino acid substitutions leading 
to changes in the predominant 
residues between the newly 
identified A2-II group (n = 50 
sequences) and the previously 
circulating A2-I (n = 75 sequences) 
clade are shown. Mutation positions are numbered according to the reference Fermon strain (GenBank accession no. AY426531) and 
annotated by the corresponding viral proteins (structural proteins VP2, VP3, and VP1 and nonstructural proteins 2A, 2C, 3A, and 3D). A, 
alanine; D, aspartate; E, glutamate; G, glycine; H, histidine; I, isoleucine; K, lysine; M, methionine; N, asparagine; R, arginine; S, serine; 
T, threonine; V, valine; VP, viral protein; Y, tyrosine. 

Figure 9. Structural models 
of the capsid pentamer of the 
newly identified A2 clade of 
enterovirus D68, from report 
on national surveillance of 
enterovirus upsurge, France, 
2024. On the basis of a 
consensus sequence of the 
newly identified A2 clade, we 
reconstructed pentameric 
capsid subunit using AlphaFold 
(https://alphafoldserver.
com) and validated it by 
structural comparison with 
the crystal structure of the 
reference enterovirus D68 
strain (structure 4WM8; RCSB 
Protein Data Bank, https://
www.rcsb.org). A) Outer 
surface view. B) Side view. 
Structural models of the capsid 
pentamer are shown with 
proteins colored as follows: 
orange, viral protein (VP) 1; green, VP2; blue, VP3; white, VP4. Red indicates amino acid substitutions.
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viral genome promoting more severe infection or in-
flammation, leading them to seek medical attention.

The continued and sustained circulation of EV-
D68 in recent years underlines the importance of 
comprehensive genomic surveillance of EV-D68 to 
track the spread of different subgenotypes and to 
understand their geographic distribution; Nextclade 
(https://github.com/enterovirus-phylo/nextclade_
d68) is one useful tool for EV-D68 analysis (29,32). 
Adequate virologic and clinical surveillance, regard-
less of age and season, is essential to give a complete 
picture of the epidemiologic and clinical spectrum 
of EV-D68 and other emerging enterovirus type– 
associated infections.
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Alice-Andrée Mariaggi (CHU Cochin, AP-HP, Service de 
virologie, Paris); Marie Louchet-Ducoroy (CHU Amiens, 
Laboratoire de Virologie, Amiens, France); Léa Luciani 
(CHU Marseille, Laboratoire de virologie aigue et  
tropicale, LAI AP-HM, Marseille, France); Sarah Mafi,  
Sylvie Rogez (CHU Limoges, Laboratoire de Virologie, 
Limoges, France); Stéphanie Marque Juillet, Alexandra  
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Leptospirosis is a widespread zoonotic disease 
caused by pathogenic Leptospira bacteria species. 

It is responsible for an estimated 1.03 million cases 
and 58,900 deaths annually worldwide and has a 
mean case-fatality rate (CFR) of ≈6.8% (1). The dis-
ease prevalence is highest in tropical regions, where 
environmental exposure and occupational risk fac-
tors contribute to transmission through contaminat-
ed water, soil, and animal reservoirs (2–4). Despite 
its global impact, leptospirosis remains a neglected 
tropical disease with substantial public health and 
socioeconomic burdens in resource-limited settings 
(5). In Thailand, leptospirosis remains endemic, 
particularly among agricultural workers (6), and 
continues to cause severe illness characterized by 
multiorgan failure and high CFRs. National surveil-
lance data from 2013 through 2022 reported an over-
all CFR of 1.46% (7), and our previous multicenter 

cohort of hospitalized patients with laboratory-con-
firmed cases documented a 7% mortality rate with 
frequent multiorgan dysfunction (8). Those findings 
highlight the substantial clinical burden of leptospi-
rosis in endemic settings.

The wide clinical spectrum of leptospirosis prob-
ably is influenced by both host factors and the genom-
ic diversity of Leptospira strains. Prior studies have 
shown that host clinical and inflammatory responses 
are major determinants of disease severity (9–17). In 
contrast, pathogen-related determinants, such as the 
contributions of specific Leptospira species, strains, 
and lineages, have been less well characterized. In-
fecting Leptospira species and serogroups or serovars 
have been associated with clinical syndromes (18), 
but severe disease has been reported across multiple 
serogroups, and our previous multicenter cohort in 
Thailand found no statistically significant difference 
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Early predictors of fatal leptospirosis and the role of 
pathogen lineages remain poorly defined, limiting clinical 
risk stratification, genomic surveillance, and public health 
response in leptospirosis-endemic settings. We con-
ducted a multicenter prospective cohort study of hospi-
talized patients with suspected leptospirosis in Thailand 
during 2015–2024. Among 459 patients with laboratory-
confirmed cases, 25 (5.4%) died during hospitalization. 
Older age, higher total bilirubin, and higher leptospiremia 
were independently associated with in-hospital death, 
and a combined model demonstrated good discriminatory 

performance. We performed targeted amplicon sequenc-
ing analysis directly on clinical samples and whole-ge-
nome sequencing on available isolates. Genomic analy-
sis identified Leptospira interrogans as the predominant 
species; clonal group 272 sequence type 34 was the 
predominant lineage and was observed in all patients 
with fatal cases for whom genomic data were available. 
Our findings support integration of clinical predictors and 
pathogen load for early risk stratification and highlight the 
potential value of genomic surveillance in leptospirosis-
endemic settings.
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in serogroup distribution between severe and non-
severe leptospirosis (8). That finding suggests that 
serogroup alone is insufficient to explain clinical phe-
notype and underscores the need to investigate lin-
eage-level characteristics and host–pathogen interac-
tions when studying severe disease. Recent molecular 
epidemiologic work has identified substantial genetic 
heterogeneity within L. interrogans; some lineages 
showed distinct geographic distributions (18,19) 
and potential clinical associations (20,21). However, 
direct evidence linking specific bacterial lineages to 
severe or fatal disease remains limited. A clearer un-
derstanding of pathogen diversity and how it inter-
acts with host responses is important for improving 
genomic surveillance, targeted risk stratification, and 
public health response in endemic settings.

To address those gaps, we aimed to identify clini-
cal, laboratory, and pathogen-load factors associated 
with in-hospital death in patients with confirmed lep-
tospirosis. We also characterized Leptospira species and 
lineage diversity using targeted amplicon sequencing 
directly from clinical samples and whole-genome se-
quencing (WGS) of isolates. This integrated clinical 
and genomic approach is intended to improve risk 
prediction, inform genomic surveillance across animal 
reservoirs, and deepen understanding of pathogen di-
versity contributing to severe leptospirosis.

Methods

Study Design and Setting
We conducted a multicenter prospective cohort study 
of patients hospitalized with suspected leptospiro-
sis during September 1, 2015–December 31, 2024, in 
Sisaket and Nakhon Si Thammarat, 2 leptospirosis-
endemic provinces in Thailand (Appendix 1, https://
wwwnc.cdc.gov/EID/article/32/7/26-0014-App1.
pdf; Appendix 2, https://wwwnc.cdc.gov/EID/
article/32/7/26-0014-App1.xlsx). We used demo-
graphic, clinical, laboratory, and outcome data that 
were collected during hospitalization. The primary 
objectives were to identify predictors of in-hospital 
death and to characterize infecting Leptospira species 
and lineages among laboratory-confirmed cases. 

Case Definition and Laboratory Confirmation
We defined laboratory-confirmed leptospirosis as >1 
positive result by lipL32 quantitative PCR (qPCR), 
culture, or microscopic agglutination test (MAT), as 
previously described (22). We included clinically sus-
pected but non–laboratory-confirmed patients from 
the same cohort as a comparator group for clinical 
outcome analyses. We defined severe leptospirosis by 

death, intensive care unit (ICU) admission, mechani-
cal ventilation, pulmonary hemorrhage, or organ  
failure on the basis of a modified Sequential Organ 
Failure Assessment score (23–25) (Appendix 1).

DNA Extraction and qPCR Detection
We extracted total DNA from whole blood or urine 
specimens. We detected Leptospira DNA by using 
qPCR targeting the lipL32 gene, as previously de-
scribed (26) (Appendix 1).

Genomic Subset and Sequencing Workflow
Among 473 laboratory-confirmed cases, to ensure 
sufficient bacterial DNA for genotyping we selected 
DNA extracts from 93 whole blood samples and 2 
urine samples with lipL32 qPCR cycle threshold val-
ues <35 for targeted amplicon sequencing by using 
the Leptospira AmpSeq (amplicon sequencing) as-
say (27). To minimize selection bias, we randomly 
selected samples meeting the cycle threshold with 
clinical severity blinded to the laboratory team. The 
selection included qPCR-positive patients across the 
clinical severity spectrum. In parallel, we performed 
WGS on 13 L. interrogans whole blood isolates. Seven 
patients had both AmpSeq and culture isolates avail-
able, enabling direct cross-validation between meth-
ods. Baseline characteristics of the genotyped subset 
did not meaningfully differ from the overall cohort, 
supporting the representativeness of the subset. We 
have summarized the study design and sample se-
lection (Appendix 1 Figure 1). Phylogenetic analyses 
included publicly available L. interrogans reference 
genomes representing diverse lineages, together with 
L. kirschneri as an outgroup, to provide evolutionary 
context for lineage assignment (Appendix 1).

Statistical Analysis
We performed group comparisons, logistic regres-
sion, receiver operating characteristic analysis, and 
bootstrap internal validation by using standard 
methods (Appendix 1). We excluded 14 laboratory-
confirmed cases with missing clinical data from the 
primary analysis.

Results

Study Population and Case Confirmation
We screened a total of 641 patients with suspected 
leptospirosis (Appendix 1 Figure 1). Of those, 473 
(73.8%) were laboratory-confirmed based on >1 posi-
tive diagnostic test: blood qPCR (385 [81.4%]), urine 
qPCR (195 [41.2%]), culture (22 [5.1%]), or MAT (179 
[38.3%]). After excluding 14 confirmed cases because 
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of missing clinical data, 459 patients remained, and 
we included them in the primary analysis. Among 
those, 434 (94.6%) survived and 25 (5.4%) died dur-
ing hospitalization, corresponding to an overall in-
hospital CFR of 5.4% among patients with laboratory-
confirmed cases. 

The median age of the study population was 47 
years, and most patients were male (82.9% vs. 17.1% 
female) (Appendix 1 Table 1). Patients who died 
were significantly older than survivors (median 60 
years vs. 47 years; p = 0.007). The median time from 
fever onset to hospital admission was 3 days in both 
groups. Most participants were agricultural workers 
(70.6%), and the percentage was significantly higher 
among patients with fatal cases compared with sur-
vivors (88.0% vs. 69.6%; p = 0.049). Flood exposure 
was common (85.0% overall) and similar between 
groups. Active smoking also was frequent in the co-
hort (45.2%) but did not differ significantly between 
survivors and patients with fatal cases (45.4% vs. 
41.7%; p = 0.720). The prevalence of other underly-
ing conditions was low and comparable between 
groups. At admission, patients with fatal cases had 
markedly lower blood pressures compared with sur-
vivors, including lower systolic blood pressure (me-
dian 93.0 vs. 110.0 mm Hg), diastolic blood pressure 
(53.0 vs. 64.0 mm Hg), and mean arterial pressure 
(66.7 vs. 80.0 mm Hg). Most clinical symptoms were 
comparable between groups, although headache 
was less common among patients with patients with 
fatal cases (p = 0.046).

Laboratory findings revealed pronounced ab-
normalities among patients with fatal cases, includ-
ing more severe thrombocytopenia (platelets 30.0 vs. 
128.0 × 103/µL; p<0.001), higher levels of blood urea 
nitrogen (51.0 vs. 17.0 mg/dL; p<0.001) and creati-
nine (4.6 vs. 1.2 mg/dL; p<0.001), and markedly re-
duced estimated glomerular filtration rate (17.6 vs. 

71.6 mL/min/1.73 m2; p<0.001). Patients with fatal 
cases also exhibited more severe hepatic dysfunction, 
having significantly higher total bilirubin (4.1 vs. 1.1 
mg/dL; p<0.001), direct bilirubin (4.2 vs. 0.5 mg/dL; 
p<0.001), and elevated aspartate aminotransferase 
levels (141.0 vs. 53.0 U/L; p<0.001) and lower serum 
albumin (2.6 vs. 3.4 g/dL; p<0.001) and total protein 
levels (6.4 vs. 6.9 g/dL; p = 0.004). We also observed 
lower bicarbonate levels in patients with fatal cases 
(17.0 vs. 23.0 mEq/L; p<0.001). Regarding diagnos-
tics, a higher proportion of patients with fatal cases 
had positive blood qPCR (96.0% vs. 73.5%; p = 0.012) 
and significantly higher leptospiremia levels (median 
4.5 vs. 2.9 log10 copies/mL, p<0.001).

Clinical Outcomes and Organ Dysfunction
Among 459 hospitalized patients with confirmed lep-
tospirosis, acute complications and organ dysfunc-
tion were common (Table 1). Nearly 1 in 5 patients 
required ICU admission (19.3%), and 54 patients 
(11.9%) required mechanical ventilation. Pulmonary 
hemorrhage occurred in 48 patients (10.6%).

Organ-specific severe dysfunction, defined as 
modified Sequential Organ Failure Assessment 
subscores >3, also was frequent: cardiovascular 
dysfunction in 84 (18.6%) patients, coagulation 
dysfunction in 113 (25.1%), renal dysfunction in 75 
(16.7%), and hepatic dysfunction in 43 (9.8%). We 
documented multiorgan failure in 105 (22.9%) pa-
tients. Overall, 197 (43.7%) patients met criteria for 
severe leptospirosis. The overall in-hospital CFR 
was 5.4% (25/459 patients). Clinically suspected 
but non–laboratory-confirmed patients from the 
same cohort generally had less severe outcomes, 
including a lower in-hospital CFR (3.0%) (Appen-
dix 1 Table 2).

For patients with fatal cases, length of hospital-
ization varied widely, reflecting both early and late 
deaths (Appendix 2 Table 1). The most frequently 
documented causes of death included septic shock, 
pulmonary hemorrhage, acute respiratory failure, 
metabolic acidosis, acute kidney injury, and dissemi-
nated intravascular coagulation.

Independent Predictors of In-Hospital Death  
in Leptospirosis Case-Patients
In the univariate analyses (Table 2), several admis-
sion variables were significantly associated with in-
hospital death. Those variables included older age, 
lower mean arterial pressure, lower platelet count, 
higher creatinine, higher total bilirubin, lower albu-
min, lower bicarbonate, and higher leptospiremia 
(p<0.001 for all).

 
Table 1. Clinical outcomes of 459 hospitalized patients with 
confirmed leptospirosis, Thailand, 2015–2024* 
Outcome No. (%) patients  
ICU admission 87 (19.3) 
Mechanical ventilation 54 (11.9) 
Pulmonary hemorrhage 48 (10.6) 
Cardiovascular SOFA >3† 84 (18.6) 
Coagulation SOFA >3† 113 (25.1) 
Renal SOFA >3† 75 (16.7) 
Hepatic SOFA >3† 43 (9.8) 
Multiorgan failure 105 (22.9) 
Severe leptospirosis‡ 197 (43.7) 
In-hospital death§ 25 (5.4) 
*ICU, intensive care unit; SOFA, Sequential Organ Failure Assessment 
score. 
†Organ-specific SOFA subscores >3 indicate severe dysfunction.  
‡Defined as death, ICU admission, mechanical ventilation, pulmonary 
hemorrhage, or organ failure (modified SOFA >3). 
§Defined as death during hospitalization for leptospirosis. 
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In the multivariable logistic regression model, 
age, total bilirubin, and leptospiremia remained in-
dependently associated with in-hospital death. Each 
1-year increase in age was associated with a 5% in-
crease in the odds of death (adjusted OR [aOR] 1.05 
[95% CI 1.01–1.09]; p = 0.022). Higher total bilirubin 
on admission also was associated with increased 
death (aOR 1.09 [95% CI 1.01–1.19]; p = 0.039). Of 
note, higher leptospiremia was a strong indepen-
dent predictor of death; each 1 log10 increase in bacte-
rial load increased the odds of death by nearly 2-fold 
(aOR 1.87 [95% CI 1.26–2.75]; p = 0.002).

To further evaluate the discriminatory perfor-
mance of these predictors, we performed receiver op-
erating characteristic analysis. Age showed modest 
discrimination for in-hospital death (area under the 
curve [AUC] 0.66 [95% CI 0.56–0.77]; p = 0.003). To-
tal bilirubin demonstrated good discrimination (AUC 
0.79 [95% CI 0.70–0.88]; p<0.001), as did leptospire-
mia (AUC 0.78 [95% CI 0.67–0.88]; p<0.001). A com-
bined model incorporating age, total bilirubin, and 
leptospiremia showed good discrimination (AUC 
0.86 [95% CI 0.78–0.94]; p<0.001), outperforming each 
individual predictor. We summarized correspond-
ing cutoff values and diagnostic performance metrics 
(Appendix 1 Tables 3). Bootstrap internal validation 
using 1,000 replications demonstrated stable regres-
sion coefficients and robust discrimination of the 
multivariable model incorporating age, total biliru-
bin, and leptospiremia.

Secondary Analysis of Genomic Subset
To explore pathogen-related factors, we performed a 
secondary analysis in the subset of patients for whom 
genomic data were available. We conducted targeted 
amplicon sequencing on a total of 95 qPCR-positive 
clinical samples and conducted WGS on 13 L. inter-
rogans isolates recovered from culture (Appendix 1 
Figure 1). Because AmpSeq was applied directly to 
qPCR-positive clinical samples, we did not restrict 
lineage assignment to culturable isolates. We com-
pared the characteristics of the genotyped subset 

with those of the overall cohort (Appendix 1 Table 
4). We also summarized all metadata for all AmpSeq 
samples and characteristics of the sequenced iso-
lates (Appendix 1 Table 5; Appendix 2 Tables 2). We 
analyzed 7 cases by using both AmpSeq and WGS, 
enabling direct comparison of lineage assignments. 
AmpSeq and WGS showed precise concordance; 6 of 
7 paired samples yielded identical clonal-group clas-
sifications, and 1 sample showed evidence suggestive 
of mixed infection (Appendix 1 Tables 6).

In total, 84 clinical specimens yielded assignable 
genomic data, of which 82 (97.6%) were L. interrogans 
and 2 (2.4%) were L. kirschneri. Clonal-group classifi-
cation identified 54 samples (64.3%) as L. interrogans 
clonal group 272 (CG272) and 30 samples (35.7%) as 
non-CG272. Multilocus sequence typing (MLST) and 
core genome MLST analyses assigned 11 of the 13 iso-
lates to sequence type (ST) 34, corresponding to L. in-
terrogans CG272, whereas 2 isolates assigned to other 
sequence types within L. interrogans (ST264 and ST76) 
(Appendix 1 Table 5).

Phylogenies generated from WGS data (Figure 1), 
high-coverage AmpSeq data (Figure 2), and the broad-
er AmpSeq dataset (Appendix 1 Figure 2) for samples 
identified as L. interrogans yielded a consistent struc-
ture; most samples were assigned to a well-supported 
CG272 clade. All 9 patients with fatal cases represented 
in the genomic subset had isolate genomes that were 
located within the CG272 clade. CG272 and non-
CG272 infections had broadly similar admission char-
acteristics (Appendix 1 Tables 7). Mean leptospiremia 
was slightly higher among CG272 infections compared 
with non-CG272 infections (4.3 + SD 1.1 versus 4.0 + 
SD 1.1 log10 copies/mL; p = 0.198), although this differ-
ence was not statistically significant. We also examined 
the relationship between age and admission leptospi-
remia and found no significant correlation (Spearman 
ρ = 0.048; p = 0.313). 

Collectively, those results identify CG272 as the 
dominant L. interrogans lineage in the sequenced co-
hort and highlight that all genotyped patients with 
fatal cases with available genomic data were infected 

 
Table 2. Factors associated with in-hospital death in patients with confirmed leptospirosis, Thailand, 2015–2024 
Variable Unadjusted OR (95% CI) p value Adjusted OR (95% CI) p value 
Age 1.03 (1.01–1.06) 0.013 1.05 (1.01–1.09) 0.022 
Sex 1.09 (0.36–3.26) 0.880 

  

Days of fever at admission 0.95 (0.77–1.16) 0.604 
  

Mean arterial pressure  0.95 (0.92–0.98) <0.001 0.99 (0.96–1.02) 0.446 
Platelet count  0.75 (0.66–0.86) <0.001 0.99 (0.97–1.00) 0.056 
Creatinine level 1.34 (1.16–1.54) <0.001 0.97 (0.75–1.25) 0.791 
Total bilirubin  1.11 (1.05–1.18) <0.001 1.09 (1.01–1.19) 0.039 
Albumin level 0.21 (0.10–0.43) <0.001 0.57 (0.20–1.65) 0.304 
Bicarbonate level 0.84 (0.77–0.91) <0.001 0.91 (0.80–1.04) 0.158 
Leptospiremia  2.12 (1.54–2.91) <0.001 1.87 (1.26–2.75) 0.002 
*Variables with p<0.10 in univariate analysis were considered for inclusion in the multivariable model. OR, odds ratio. 
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with isolates that clustered within that clade. Although 
the sample size limits formal inference, this observa-
tion warrants further investigation in larger and more 
systematically sampled cohorts. Of note, our explor-
atory analysis of single-nucleotide polymorphisms 
(SNPs) specific to CG272 identified 6 nonsynonymous 
substitutions in putative virulence-associated genes 
(28), including Leptospira immunoglobulin-like protein 
B (Appendix 2 Table 3), an immunoglobulin-like pro-
tein associated with host interaction.

Discussion
In this multicenter cohort of 459 hospitalized pa-
tients with laboratory-confirmed leptospirosis, acute 
complications were frequent: 19.3% required ICU 
admission, 11.9% required mechanical ventilation, 

and 22.9% developed multiorgan failure. The in-
hospital CFR was 5.4%, close to the reported global 
mean CFR of 6.8% (1), suggesting that our cohort is 
broadly representative of severe hospitalized lepto-
spirosis patients rather than patient populations with 
unusually mild or extreme disease. For comparison, 
clinically suspected but non–laboratory-confirmed 
patients from the same hospitals had a lower in-hos-
pital mortality rate (3.0%), indicating that confirmed 
leptospirosis carries a disproportionate burden of 
severe outcomes among patients admitted with sus-
pected leptospirosis.

We identified 3 admission variables (age, total 
bilirubin, and leptospiremia) that were independent-
ly associated with in-hospital death and together 
provided strong discriminatory performance (AUC 

Figure 1. Whole-genome phylogeny of Leptospira interrogans isolates, Thailand, 2015–2024. Maximum-likelihood phylogenetic tree 
was generated by using 102,654 variable sites across a 3.9-Mb core genome of 13 L. interrogans isolates from this study (in bold font) 
plus 21 publicly available L. interrogans reference genomes. The tree was rooted with L. kirschneri. Eleven of the 13 isolates clustered 
within CG272, including 3 from patients with fatal cases. The remaining 2 isolates grouped outside CG272, indicating the presence of 
additional L. interrogans lineages in the region. Scale bar represents nucleotide substitutions per site. CG272, clonal group 272.
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Figure 2. Phylogenetic analysis of Leptospira interrogans from AmpSeq (27) and isolate genome data, Thailand, 2015–2024. Maximum-
likelihood phylogenetic tree was generated for high breadth of coverage AmpSeq samples (>25 loci amplified with >10× coverage) by using 
59 variable sites across a 1,813-nt core genome of 57 L. interrogans AmpSeq samples, 13 L. interrogans isolates, and 21 publicly available 
L. interrogans reference genomes. The tree was rooted with L. kirschneri. Five isolate or AmpSeq pairs demonstrate the phylogenetic 
concordance between methods. A major clade corresponding to CG272 contained most of the clinical samples, including those from several 
patients with fatal cases, whereas the remaining samples fell into other non-CG272 lineages. A bootstrap value of 98 supports placement in 
the CG272 clade. CG272 and non-CG272 lineages are color-coded in gold and black. Bold font indicates sequences generated during this 
study. Scale bar represents nucleotide substitutions per site. AmpSeq, amplicon sequencing; CG272, clonal group 272.
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0.86). Older age (9,11,29,30) and hyperbilirubinemia 
(31,32) are well-established predictors of severe lep-
tospirosis and death, and our findings confirm their 
prognostic value in a contemporary, multicenter 
cohort in Thailand. Leptospiremia at admission 
emerged as an important pathogen-derived predic-
tor of in-hospital death in our cohort; each 1 log10 in-
crease in bacterial load nearly doubled the odds of 
death, and leptospiremia alone provided good dis-
crimination (AUC 0.78). These findings suggest that 
combining host vulnerability (age), early hepatic 
dysfunction (bilirubin), and pathogen load (leptospi-
remia) may provide a practical and biologically plau-
sible approach for early risk stratification in hospital-
ized leptospirosis patients, particularly in endemic, 
resource-limited settings.

The relationship between quantitative leptospi-
remia and disease severity has been heterogeneous 
across previous studies. In Sri Lanka, a 16S rRNA–
gene-based qPCR did not demonstrate a clear cor-
relation between leptospiral load and clinical mani-
festations or outcome (33). By contrast, studies from 
New Caledonia (34) and Martinique (35) using lfb1-
targeted qPCR found significantly higher early lep-
tospiremia among patients with severe disease, and a 
Thailand multicenter cohort employing a lipL32 assay 
reported higher baseline leptospiremia was indepen-
dently associated with severe leptospirosis (8). Our 
data extend this latter body of work by showing that 
higher admission leptospiremia, measured by using a 
lipL32-based qPCR, also is a strong independent pre-
dictor of in-hospital death. Methodologic differences 
in qPCR platforms (including distinct gene targets, 
primer–probe sets, instruments, and sample types), 
along with variation in infecting Leptospira genotypes 
and timing of sampling, may partly explain the in-
consistent associations reported across studies. Taken 
together, those data support early leptospiremia as a 
useful, although not universally consistent, marker 
of severity and highlight the importance of evaluat-
ing pathogen load in parallel with other factors when 
investigating determinants of severe and fatal lepto-
spirosis. This integrated approach may help clarify 
whether observed differences in clinical outcomes 
reflect variation in pathogen load, genotype, or host–
pathogen interactions.

Genomic characterization revealed limited spe-
cies diversity; we identified L. interrogans in nearly 
all genotyped samples, consistent with prior reports 
from Southeast Asia and other endemic settings 
(19,21,36,37). Within L. interrogans, CG272 (ST34) was 
the predominant lineage and formed a well-support-
ed clade in both amplicon and WGS analyses. We did 

not observe significant differences in early clinical 
severity or leptospiremia between CG272 and non-
CG272 infections, but all patients with fatal cases in 
the genomic subset had infecting isolate genomes that 
clustered within CG272. The genomic subset in our 
study was small, so this observation should be inter-
preted cautiously, but lineage assignment was not 
based solely on cultured isolates, given that targeted 
amplicon sequencing also was applied directly to 
qPCR-positive and culture-negative clinical samples. 
This lineage has been linked to rodent reservoirs, in-
cluding both Bandicota indica rats and Mus cookii mice 
in northern Thailand, indicating that the lineage is not 
restricted to a single host species (20,39). In addition, 
historical and regional data further support the per-
sistence of ST34 or CG272 across Thailand and Laos 
over more than a decade, including in outbreak set-
tings and fatal infections (19,21). Together, those find-
ings suggest that pathogen lineage may contribute to 
clinical heterogeneity, although whether lineage-spe-
cific factors influence disease severity remains uncer-
tain, so the findings should therefore be considered 
hypothesis-generating rather than causal.

To further explore potential CG272-specific fea-
tures, exploratory analysis of lineage-defining SNPs 
identified 6 nonsynonymous substitutions in puta-
tive virulence-associated genes, including adhesins 
such as Leptospira immunoglobulin-like protein B and 
lsa30 and related host-interaction proteins (Appen-
dix 2 Table 3). Those 6 CG272-specific variants were 
conserved across CG272 isolates but absent in non-
CG272 strains. The functional importance of those 
mutations remains unknown, and no direct link to 
increased virulence can be inferred; however, they 
provide preliminary hypotheses for future mechanis-
tic investigation.

The strengths of this study include its multicenter 
prospective design across 2 endemic provinces, stan-
dardized clinical assessment and management accord-
ing to national guidelines, and rigorous case confirma-
tion using qPCR, culture, and MAT. Comprehensive 
clinical phenotyping that included organ dysfunction 
scores, complications, and objective outcomes provid-
ed a robust foundation for evaluating disease severity. 
Of note, this study examined both host and pathogen 
determinants of outcome. Host factors such as age 
and total bilirubin were evaluated alongside patho-
gen factors including leptospiremia and lineage-level 
genomic characterization. The integration of targeted 
amplicon sequencing and WGS added a valuable ge-
nomic dimension that enabled detailed investigation 
of circulating leptospiral populations. High-resolu-
tion genomic data of this kind rarely are available 
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in leptospirosis cohorts and enabled identification of 
CG272 as the predominant lineage in the sequenced 
subset and the only lineage observed among patients 
with fatal cases for whom genomic data were avail-
able. Further, the development of an admission death 
prediction model with excellent discriminatory per-
formance (AUC 0.86) highlights the potential for early 
and practical risk stratification in routine clinical care.

One limitation of this study is that because ampli-
con-based sequencing and culture isolation require a 
minimum bacterial load, we restricted genomic anal-
yses to samples with sufficient pathogen quantity or 
to cases with available isolates. That approach might 
lead to underrepresentation of certain lineages or low 
pathogen-load infections, and therefore the associa-
tions between lineage and clinical outcomes should 
be interpreted with caution. Larger and more sys-
tematically sampled genomic datasets, including ex-
panded WGS of non-CG272 lineages, will be needed 
to clarify whether the observed clustering of isolates 
from patients with fatal cases within CG272 persists 
after minimizing potential technical and sampling bi-
ases. To reduce selection bias, we randomly selected 
samples with severity status blinded. In addition, we 
did not design the exploratory analysis of CG272-spe-
cific SNPs to establish functional relevance, and the 
observed variants require further functional charac-
terization. In addition, we did not observe significant 
differences in leptospiremia or early clinical severity 
markers between CG272 and non-CG272 infections. 
However, those comparisons were limited by the 
small number of sequenced samples and the limited 
number of deaths, which reduced statistical power 
to detect modest lineage-associated effects. Larger 
genomic datasets will be needed to clarify whether 
CG272 is associated with differences in bacterial 
load, host response, or clinical outcomes. Moreover, 
because this study was conducted in district-level 
hospitals, the findings may not be fully generalizable 
to community cases, milder infections, or healthcare 
settings with different referral pathways. Further, 
although this was a prospective cohort study, there 
may be relevant factors that were not measured, such 
as additional host characteristics, environmental ex-
posures, or differences in treatment, that could have 
influenced the results.

Our findings provide direction for integrated 
public health surveillance integrating human clini-
cal, environmental, and reservoir data. Future stud-
ies should combine clinical predictors with pathogen 
genotype in broader populations and across differ-
ent healthcare settings. Expanded genomic surveil-
lance will be important for tracking the distribution 

and evolution of potentially high-risk lineages such 
as CG272. Integrative studies that combine host bio-
markers, pathogen load, and genomic data may help 
clarify mechanisms of severe disease. Functional 
experiments also are needed to determine how spe-
cific lineages influence pathogenicity and immune 
responses. Further, developing practical clinical tools 
that incorporate both host and pathogen information 
may improve early recognition and management of 
patients in endemic regions who are at high risk.

In conclusion, this multicenter prospective study 
identified key host and pathogen factors associated 
with death in hospitalized patients with leptospirosis. 
Older age, elevated total bilirubin, and higher lepto-
spiremia at admission were independently associated 
with in-hospital death, and a combined model dem-
onstrated excellent discrimination. Genomic analysis 
identified CG272 as the predominant lineage in the se-
quenced subset and the only lineage observed among 
patients with fatal cases for whom genomic data were 
available, although this association remains explorato-
ry. Our findings support the integration of clinical and 
pathogen data to improve early risk stratification and 
guide public health surveillance in endemic settings.
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Crimean-Congo hemorrhagic fever (CCHF) is a 
severe tickborne disease caused by CCHF virus 

(CCHFV; family Nairoviridae, genus Orthonairovirus) 
(1). CCHF is endemic across Africa, southern and 
eastern Europe, the Middle East, and countries in Asia 
south of the 50th parallel north, which represents the 
geographic limit of detection of the principal vector 
and natural reservoir, the Hyalomma species tick (2,3). 
Reported case-fatality rates (CFRs) vary by region 
and country, from 5% to as high as 30% (4). CCHFV 
is primarily transmitted to humans through bites of 
infected ticks or direct contact with blood or tissues of 
viremic livestock or infected individual animals (5,6).

As of June 2026, no antiviral drug or licensed 
vaccine is available for CCHF; however, several 
therapeutic and vaccines candidates are under de-
velopment. Outbreak control primarily relies on pre-
venting transmission through isolating persons with 
suspected and confirmed CCHF, early detection via 

surveillance and laboratory diagnostics, intensive 
supportive care, infection prevention and control in 
health facilities, and community engagement (7).

CCHF cases were first reported in 1979 in Iraq; 
≈50 cases were detected annually during 1986–1996. 
Reported cases declined during 1998–2020 (8–10), but 
major outbreaks occurred in 2022 and 2023 (11–13).

The Central Public Health Laboratory (CPHL) vi-
ral hemorrhagic fevers unit, CCHF laboratory (Bagh-
dad, Iraq), serves as the national reference laboratory 
for CCHF diagnosis in Iraq. The Iraq Communicable 
Disease Control Center (Iraq-CDC) coordinates the 
national response to CCHF outbreaks. The Iraq-CDC 
has developed an epidemiologic database to analyze 
data and guide control and prevention interventions. 
Here, we present an analysis of CPHL-generated data 
from 2022–2023, in conjunction with epidemiologic 
data collected by Iraq-CDC. Patients’ data were re-
corded as part of Ministry of Health guidelines on 
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Using laboratory and epidemiologic data collected in 
2022 and 2023 in Iraq, we aimed to evaluate the diag-
nostic and prognostic performance of reverse transcrip-
tion PCR (RT-PCR) in Crimean-Congo hemorrhagic fe-
ver (CCHF) patients and to identify factors associated 
with disease outcomes. CCHF was confirmed in 955 
hospitalized patients. Among those, RT-PCR analysis 
showed that blood specimens from deceased patients 
had a lower median cycle threshold (Ct) value than did 

those who recovered; we used those data to determine 
a cutoff value. Univariate and multivariate logistic regres-
sion analysis indicated that low Ct values, hemorrhagic 
symptoms at admission, and age >15 years were inde-
pendent determinants of fatal CCHF outcome. Viral load 
and patient age play key roles in the outcome of CCHF 
in Iraq. Ct value at admission, as a proxy for viral load, 
serves as a practical indicator to guide clinicians in man-
aging CCHF patients.
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CCHF management. We conducted the study under 
the supervision of the Ministry of Health of Iraq and 
with appropriate ethics approval obtained from the 
MOH. We used anonymized data for analysis.

Methods

Patients and Specimens
The Iraq-CDC case definition for a suspected CCHF 
case was as follows: any person with acute onset of 
fever with >1 of the following symptoms: headache, 
backache, joint pain, stomach pain, vomiting; and 
with history of exposure to one of the following risk 
factors within the previous 14 days: contact with 
animal, animal tissues or fluids during slaughtering, 
raw meat during preparation; or tick bite history or 
involvement in the removal of a tick from a person or 
an animal; or contact with a suspected or confirmed 
case of CCHF. A blood specimen was collected from 
live patients with suspected CCHF to establish the 
diagnosis. All suspected and laboratory-confirmed 
CCHF cases were admitted to general hospitals across 
governorates in Iraq and managed in their intensive 
care units.

Blood samples were collected from patients with 
suspected CCHF at hospital admission; they were ad-
mitted into the specialized unit for patients with sus-
pected CCHF. Samples were shipped to CPHL and 
tested by reverse transcription PCR (RT-PCR). Blood 
samples from patients with negative RT-PCR results 
were retested by ELISA IgM serology.

Diagnostic Assays
Blood specimens were collected on gel and clot acti-
vator tube. After separation, 10 mL serum from each 
specimen was transferred to plain tubes and trans-
ported, cooled in ice, to the CPHL in Baghdad for di-
agnosis. We extracted viral RNA from whole serum 
samples by using the QIAamp viral RNA mini kit 
(QIAGEN, https://www.qiagen.com), according to 
the manufacturer’s instructions.

We performed RT-PCR testing using the RealStar 
CCHFV RT-PCR Kit 1.0 detection kit (Altona Diag-
nostics GmbH, https://www.altona-diagnostics.
com), which targets the small segment of the CCHFV 
virus, on the QuantStudio 5 PCR thermocycler (Ther-
moFisher, https://www.thermofisher.com), accord-
ing to the manufacturer’s instructions. We added 
the internal control template of the kit to the sample 
before RNA extraction; only results with a valid run 
control were communicated. In brief, the protocol 
runs as a reverse transcription holding step at 50°C for 
10 minutes, denaturation holding phase at 95°C for 2 

minutes, then 45 cycles of amplification each at 95°C, 
55°C, and 72°C. We used 10 μL of extracted RNA per 
reaction for a final volume of 25 μL. Assay conditions 
were consistent throughout the study period, using 
the same diagnostic kit, standardized protocol, and 
calibration procedures. We used ELISA IgM serology 
test (Abbexa LTD, https://www.abbexa.com) in ac-
cordance with manufacturer’s protocol to determine 
levels of CCHFV IgM in the serum of suspected pa-
tients with negative RT-PCR results.

Data Management
General hospitals and Iraq-CDC provided patients’ 
demographic data, included on the laboratory re-
quest form accompanying each sample. Laboratory 
results were provided to Iraq-CDC and the hospital 
by CPHL. Data were captured in both CPHL’s and 
Iraq-CDC’s databases (Microsoft Excel, https://
www.microsoft.com). Variables included age, sex, 
governorate of residence, hospital patient identifier, 
sample identifier, sample type, collection date, date 
of symptom onset, patient’s outcome, date of death, 
laboratory result, and cycle threshold (Ct) values in 
patients who tested positive by RT-PCR.

To validate the demographic information and 
document disease outcome, we merged the CPHL 
and Iraq-CDC databases using hospital patient and 
sample identifiers recorded in both databases. We re-
solved all inconsistencies through thorough investi-
gation, examining all available records. A full dataset 
was not available for 13 confirmed cases that are not 
included in this report.

We classified patients into 2 main groups for 
analysis: non-CCHF cases, defined as suspected 
cases of CCHF with subsequent negative CCHF 
results by RT-PCR and negative IgM serology; or 
CCHF confirmed cases, defined as suspected CCHF 
cases with subsequent positive RT-PCR result, pos-
itive IgM serology, or both. We excluded patients 
with missing or conflicting data that prevented 
classification into either category from the analy-
sis. The final database comprised 3,546 patients; all 
3,546 samples were collected during January 2022–
December 2023.

Statistical Analysis
We described categorical variables as percentages. 
The denominator varied between variables because 
of missing data. We described continuous variables 
by medians and interquartile range (IQRs) and as-
sociations between independent variables and the 
dichotomous outcome (survival or death) with crude 
(unadjusted) odds ratios (ORs).

PCR Cycle Threshold Value in CCHF, Iran
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We used logistic regression models to investigate 
factors associated with patient outcomes and hemor-
rhagic conditions. We conducted initial analyses us-
ing univariate regression to explore the relationship 
between individual predictors and the outcome vari-
able. We used univariate analysis to explore unad-
justed associations between variables and outcome 
and used ORs and 95% CIs to quantify the strength 
of those associations. We considered a p value <0.25 
and other variables of known clinical relevance (in-
cluding those not statistically significant in univari-
ate analysis) for inclusion in the multivariable model. 
We then used multivariate logistic regression models 
to adjust for potential confounders. The final model 
included the following covariates: Ct value, sex, age, 
hemorrhagic signs, time from onset to admission, tick 
bite, contact with a confirmed patient, contact with 
raw meat, contact with animal, and year of outbreaks. 
We assessed model fit using the Akaike Information 
Criterion and likelihood ratio tests. We defined sta-
tistical significance as p<0.05. We performed all anal-
yses in R version 4.4.1 (The R Project for Statistical 
Computing, https://www.r-project.org) using the 

stats (https://www.rdocumentation.org/packages/
stats/versions/3.6.2) and gtsummary (https://www.
danieldsjoberg.com/gtsummary) packages. We con-
ducted receiver operating characteristic (ROC) analy-
sis to determine the optimal Ct cutoff for predicting 
patient outcome using the pROC package in R (14,15).

Results

CCHF Confirmation by Testing Methods
Our analysis includes a total of 3,546 suspected 
CCHF patients who sought care at hospitals in Iraq 
during 2022–2023. CCHF infection was confirmed 
in 955 (27%) suspected cases; 915 were confirmed 
by RT-PCR, and an additional 40 that were negative 
by RT-PCR were confirmed by IgM ELISA (Table 1; 
Figure 1). In 2022, among 1,370 symptomatic sus-
pected cases, CCHF infection was confirmed in 380 
(27%) patients, 354 confirmed by RT-PCR and 26 by 
IgM ELISA. In 2023, among 2,176 symptomatic sus-
pected cases, CCHF infection was confirmed in 575 
(26%) patients, 561 confirmed by RT-PCR and 14 by 
IgM ELISA. 

 
Table 1. Characteristics of CCHF-confirmed patients in study of prognostic value of PCR cycle threshold for Crimean-Congo 
hemorrhagic fever, Iraq, 2022–2023 

Characteristic 
Values 

p value† 2022 2023 
Age   0.10 
 <15 17/380 (4.5) 16/575 (3)  
 15–24 99/380 (26) 133/575 (23)  
 25–34 61/380 (16) 131/575 (23)  
 35–44 85/380 (22) 130/575 (23)  
 45–54 73/380 (19) 92/575 (16)  
 >55 45/380 (12) 73/575 (13)  
 Median (range) 35 (1–90) 35 (2–80)  
Sex   0.35 
 F 149/380 (39) 243/575 (42)  
 M 231/380 (61) 332/575 (58)  
Residency status   1.00 
 Rural 1/1 (100) 262/575 (46)  
 Semiurban 0/1 (0) 81/575 (14)  
 Urban 0/1 (0) 232/575 (40)  
Ct value, median (range) 25.8 (11.4–36.9) 27.4 (12.9–38.9) <0.001 
Exposures and clinical features   <0.001 
 Median time from onset to admission, d (range) 3 (0–13) 4 (0–20)  
 Fever 359/380 (94) 567/575 (99) <0.001 
 Contact with confirmed case 18/375 (5) 15/567 (3) 0.08 
 Contact with animals 212/375 (57) 297/575 (52) 0.14 
 Slaughtering 127/375 (34) 315/574 (55) <0.001 
 Contact with raw meat 207/375 (55) 359/575 (63) 0.02 
 Tick bite 134/374 (36) 42/575 (7) <0.001 
 Hemorrhagic 145/380 (38) 195/575 (34) 0.18 
 Ecchymosis 104/380 (27) 134/575 (23) 0.16 
 Bleeding at injection site 109/379 (29) 145/575 (25) 0.23 
 Injected eyes 1/1 (100) 41/575 (7) 0.07 
 Ribavirin 1/1 (100) 190/535 (36) 0.36 
Outcome   0.02 
 Cured 305/380 (80) 494/575 (86)  
 Death 75/380 (20) 81/575 (14)  
*Values are no. (%) except as indicated, Percentages may not sum to 100% due to rounding. Ct, cycle threshold 
†Determined by Pearson χ2 test, Wilcoxon rank-sum test, or Fisher exact test. 
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Admission and Rate of Confirmation by Month
In 2022–2023, among all suspected cases with avail-
able month of admission data (n = 3,514), a total of 
3,096 (88%) were admitted during April–September 
(Figure 1). During that period, mean positivity rate 
was 29% (median 27%, range 22%–41%). Outside of 
the period, mean positivity rate was 19% (median 
23%, range 0%–31%) (Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/32/7/25-1284-App1.
pdf). Among the 955 confirmed cases, 848 (89%) 
patients were admitted during April–September. 
The average number of confirmed patients admit-
ted per month during April–September was 141, 
whereas during October–March, the monthly aver-
age was 21.

CFR over Time
In 2022–2023, the CFR of confirmed CCHF hospital-
ized cases was 16%. The mean monthly CFR among 
confirmed cases was 22% (median 17%, range 10%–
50%). During April–September, the mean monthly 
CFR among confirmed cases was 15% (median 15%, 
range 10%–21%), whereas during October–March, 
the mean monthly CFR among confirmed cases was 
27% (median 21%, range 14%–50%) (Figure 2).

Distribution of Cases and CFRs by Governorate
In 2022–2023, confirmed CCHF cases were admitted 
in hospitals of 19 governorates. Three governorates 
accounted for most cases, reporting a combined to-
tal of 523 (55%) cases; Thi-Qar reported 302 (32%), 
Baghdad reported 116 (12%), and Basra reported 
105 (11%). Babylon, Missan, Muthana, and Wassit 
governorates reported 5%–8% of all confirmed cases 
(Figure 3).

CFR varied by governorate; the range was 0%–
41% (Figure 3). CFR decreased from 2022 to 2023 in 
all but 4 governorates (Appendix Figure 2). There 
was no statistical difference in Ct value at admission 
across governorates (Appendix Figure 3).

Ct Value and Outcome
Of the patients with CCHF diagnosis, 915 had their 
diagnosis confirmed by RT-PCR. RT-PCR analysis 
of blood specimens from patients who died yielded 
a lower median Ct value (22.1 [range 12.9–37.0]) 
than those from patients who recovered (27.7 [range 
11.4–38.9]). When plotting the CFR versus Ct cat-
egories to assess the relationship between Ct value 
and outcome, we noted an inverse correlation be-
tween Ct and CFR (p<0.001) (Figure 4). That finding  

Figure 1. Distribution of 
confirmed Crimean-Congo 
hemorrhagic fever patients 
by testing method in study of 
prognostic value of PCR cycle 
threshold value for Crimean-
Congo hemorrhagic fever, Iraq, 
2022–2023. RT-PCR, reverse 
transcription PCR.

Figure 2. Confirmed Crimean-
Congo hemorrhagic fever cases 
and CFRs by month in study 
of prognostic value of PCR 
cycle threshold for Crimean-
Congo hemorrhagic fever, Iraq, 
2022–2023. CFR was reported if 
>5 cases were confirmed in that 
month. CFR, case-fatality ratio.
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suggests that the Ct value at admission has a strong 
prognostic value. We performed ROC analyses to 
determine the optimal Ct value to predict partici-
pant outcome, using an area under the curve value 
of 0.76 (Appendix Figure 4); we determined an op-
timal Ct cutoff of 26 by ROC analysis by Youden 
method for predicting patients’ outcome (sensitiv-
ity 81.6%, specificity 60.9%). The median Ct value 
on admission to the hospital showed no trend over 
time (Appendix Figure 5), but median Ct value was 
overall lower in 2022 than in 2023 (25.8 vs. 27.4; 
p<0.001) (Figure 1).

Age and CFR
Among patients <15 years of age (n = 33), median Ct 
value was 29.9 (range 13.9–38), and no deaths were 
reported. In older patients (n = 922), CFR fluctuated 
from 13% to 19%; median Ct value was 26.7 (range 
11.4–38.9) (Appendix Figures 6, 7).

Logistic Regression Analysis
We used logistic regression models to determine 
factors associated with fatal outcomes. We per-
formed a univariate analysis to explore unadjusted  

associations between laboratory (Ct value) and rel-
evant demographics (age, sex), clinical and epidemi-
ologic data (hemorrhagic signs, time from onset to 
admission, tick bites, contact with confirmed cases, 
animal or raw meat, year of outbreak), and patient 
outcomes. Characteristics associated with an unfa-
vorable outcome included lower Ct value (OR 0.83 
[95% CI 0.8–0.86]; p<0.001), hemorrhagic signs (OR 
2.18 [95% CI 1.54–3.09]; p<0.001), and age (OR 1.01 
[95% CI 1.0–1.02]; p = 0.041). Receiving a diagnosis 
in 2023 was also associated with a lower risk for a 
fatal outcome (OR 0.67 [95% CI 0.47–0.94]; p = 0.022). 
Those results remained significant for all but age 
and year of outbreak after false discovery rate cor-
rection. Sex; contact with confirmed cases, animal, 
or raw meat; and history of tick bites were not asso-
ciated with an unfavorable outcome in the univari-
ate analyses (p>0.5); therefore, we removed those 
variables from the multivariate analyses (Appendix 
Table 1). Characteristics associated with a higher 
risk for unfavorable outcome by multivariate mod-
eling included lower Ct (OR 0.82 [95% CI 0.79–0.86]; 
p<0.001) and hemorrhagic signs (OR 2.75 [95% CI] 
1.86–4.08; p<0.001) (Table 2).

Figure 3. Distribution of 
confirmed Crimean-Congo 
hemorrhagic fever (CCHF) 
patients and CFRs by 
governorate in study of 
prognostic value of PCR 
cycle threshold for CCHF, 
Iraq, 2022–2023. A) CCHF-
confirmed patients by 
governorate. B) CFR among 
confirmed CCHF patients 
by governorate. CFR, case-
fatality ratio.

Figure 4. Distribution of confirmed 
Crimean-Congo hemorrhagic fever 
patients (n = 915) by Ct value 
category and corresponding CFR 
in study of prognostic value of PCR 
cycle threshold for Crimean-Congo 
hemorrhagic fever, Iraq, 2022–2023. 
Case fatality ratio is plotted for 
each Ct values category, indicating 
an inverse correlation between Ct 
value and outcome. Red dashed 
line shows the smoothed CFR 
trend across categories (p = 3.28 
× 10−5; locally estimated scatterplot 
smoothing fit, p<0.05). CFR, case-
fatality ratio; Ct, cycle threshold.
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Discussion

CCHF Trends in 2022 and 2023
Our study observed a clear seasonal pattern con-
sistent with previous reports (13); during April–
September, 89% of all patients with confirmed 
cases were admitted to a hospital. Similar trends 
have been documented in studies on tick season-
ality in southern Iraq (16), where tick populations 
increased from spring to autumn, whereas winter 
months recorded the lowest rates. The observed 
seasonal variation in tick density appears to corre-
late with the frequency of CCHF cases. However, 
further research is needed to better understand 
the factors contributing to the apparent popula-
tion increase of the primary CCHFV vector, ticks 
of the genus Hyalomma, and to identify effective  
control measures.

We observed notable differences between 2022 
and 2023. The overall CFR was higher in 2022 than 
in 2023 (20% vs. 14%), despite a greater number of re-
ported cases in 2023. In addition, median Ct value was 
lower in 2022 than in 2023 (25.8 vs. 27.4). In 2023, the 
median monthly CFR was lower during April–Sep-
tember than during the rest of the year (12% vs. 32%). 
That pattern contrasts with 2022, when the median 
monthly CFR fluctuated from 14% to 35% throughout 
the year, showing no clear difference between the epi-
demic season and other periods.

Those differences noted in 2023 may reflect, in 
part, strengthened public health response, including 
improved case detection, clinical management, and 
community engagement over the course of 2023 (13), 
along with sensitization efforts before the 2023 epi-
demic season. Improved clinical awareness and rec-
ognition of milder forms of disease, along with faster 
and more effective management of severe cases, 
likely contributed to the observed decrease in CFR. 
However, those interventions were not uniformly im-
plemented across all governorates, and their relative 
contribution to CFR reduction cannot be quantified in 
this analysis.

Factors Associated with Disease Outcome
In Iraq, the logistic regression analysis showed that 
low Ct value, hemorrhagic symptoms at admission, 
and age >15 years were independent determinants of 
a poor CCHF outcome. Our findings are consistent 
with those of previous studies reporting an associa-
tion between hemorrhagic symptoms, in particular 
melena and hematemesis, and fatal outcome (17). 
Systematic standardized clinical data collection and 
analysis would help assess additional factors that 
may affect disease outcomes.

Ct Value as a Key Indicator for Disease Prognosis
Previous studies have indicated association with  
high viral load (>108copies/mL) and poor outcome 

 
Table 2. Multivariate logistic regression results from study of prognostic value of PCR cycle threshold value for Crimean-Congo 
hemorrhagic fever, Iraq, 2022–2023* 
Characteristic OR (95% CI) p value q value† 
Ct 0.83 (0.79–0.86) <0.001 <0.001 
Hemorrhagic  <0.001 <0.001 
 N NA   
 Y 2.72 (1.82–4.07)   
Age 1.01 (1.00–1.02) 0.094 0.31 
Sex  0.73 0.92 
 M NA   
 F 0.93 (0.62–1.39)   
Time from onset to admission 0.97 (0.89–1.06) 0.56 0.79 
Tick bite  0.98 0.98 
 N NA   
 Y 1.0 (0.56–1.73)   
Contact with confirmed case  0.38 0.71 
 N NA   
 Y 0.61 (0.17–1.77)   
Contact with raw meat  0.38 0.71 
 N NA   
 Y 1.20 (0.80–1.80)   
Contact with animal  0.86 0.96 
 N NA   
 Y 1.04 (0.68–1.57)   
Year of outbreak  0.42 0.71 
 2022 NA   
 2023 0.84 (0.55–1.29)   
*We analyzed data from 896 cases confirmed by reverse transcription PCR. A total of 150 of those case-patients were deceased. Bold text indicates 
statistical significance after false discovery rate correction. Ct, cycle threshold; NA, not applicable; OR, odds ratio. 
†False discovery rate correction for multiple testing. 
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(17–19). Our findings further suggest that low Ct 
values at admission are also associated with fatal 
outcome. Similar to the case for Ebola virus disease 
(20) or Lassa fever (21), viral load, using Ct value as 
a proxy, is closely correlated with CCHF outcome. 
We found a significant difference of 5.6 Ct between 
median Ct values persons who died from CCHF 
(median 22.1, range 12.9–37.0) and survivors (me-
dian 27.7, range 11.4–38.9), roughly corresponding to 
a difference in virus RNA concentration of 1.7 log10 
units (p<0.01). However, further analysis of Ct values 
across affected countries, considering different CCHF 
viral genotypes and CFR, is needed.

Among patients with CCHF, those with a Ct val-
ue <26 had a 33% CFR, whereas those with a Ct value 
>26 had a 6% CFR. Between those extremes, Ct val-
ues showed a strong negative correlation with CFR. 
That finding suggests that Ct values are predictive 
of CCHF CFR and serve as a key indicator of disease 
prognosis, which is crucial information for clinicians 
in assessing disease severity and guiding prognosis 
evaluation. We observed a higher CFR in patients 
whose Ct values were in the 22–24 range compared 
with patients whose Ct value was 18–22. A possible 
explanation is that patients with Ct value of 18–22 
had more severe clinical manifestations, prompting 
more immediate medical intervention, whereas those 
with Ct values of 22–24 may have exhibited milder 
initial symptoms, leading to delayed treatment.

Given the strong correlation between Ct values 
and CCHF CFR, distribution of Ct should be con-
sidered when comparing CFRs across districts, gov-
ernorates, and countries but also across seasons or 
years. For example, when comparing the CCHF CFR 
in Iraq between 2022 (20%) and 2023 (14%), standard-
izing CFR by Ct values can provide more accurate 
and meaningful comparisons.

Ct values should be interpreted with caution 
because they are influenced by several factors, in-
cluding the timing of sample collection relative to 
symptom onset and underlying viral kinetics. In our 
analysis, we accounted for those factors by including 
time from symptom onset to admission in the multi-
variable model; however, that variable is subject to 
recall bias and may not fully capture the timing of 
infection. Therefore, although Ct value at admission 
appears to be a robust prognostic marker, residual 
confounding related to disease stage at sampling can-
not be excluded.

Ct values can provide a pragmatic and imme-
diately actionable marker for clinicians, particu-
larly in resource-limited settings. They can serve 
as a useful tool to rapidly assess disease severity at  

admission and support early clinical decision mak-
ing, including the timely initiation or intensification 
of supportive care.

Lower CCHF CFR in Patients <15 Years of Age 
In our cohort, we observed a 0% mortality rate among 
the 33 pediatric cases, compared with 17% in adults 
(p<0.001). Similar trends have been reported in re-
gional studies from Turkey: CFR of 0% (n = 31) (22) 
and 2.1% (n = 47) (23) for pediatric cases. Although 
the biological mechanism for that age-related dispar-
ity remains a subject of investigation, our findings re-
inforce the observation that pediatric CCHF cases of-
ten have more favorable clinical outcomes than adult 
cases. However, those results should be interpreted 
cautiously and viewed as consistent with regional 
observations rather than definitive evidence of age-
related differences in CFR.

The lower CFR reported in children infected with 
CCHF in this study contrasts with findings from 
studies on Ebola virus disease, in which higher CFRs 
have been documented in younger children, particu-
larly those <5 years of age. That trend was partly at-
tributed to malaria co-infection (20) and higher viral 
loads in pediatric patients (24). Conversely, our find-
ings are more consistent with studies on Lassa fever 
in Nigeria, where children <15 years of age showed 
lower CFRs than adults (2.9% vs. 13%) (25).

Given the rarity of fatal CCHF cases in children 
in both Iraq and Turkey, a deeper understanding of 
the clinical and laboratory characteristics of pediat-
ric CCHF is needed. As highlighted previously (23), 
comprehensive multicountry observational studies 
involving both children and adults are essential. Such 
studies should investigate host and viral factors that 
may explain those differences, providing insights into 
disease progression and pathogenesis.

A limitation of our study is that data were collect-
ed retrospectively and collated manually. Although 
we carefully reviewed the data, we cannot complete-
ly rule out the possibility that some mismatches may 
have occurred. In the different governorates, hospi-
tal attendance might have been influenced by factors 
such as information campaigns, the hospital’s repu-
tation, perceived disease severity, willingness and 
financial ability to seek treatment and testing, and 
distance to the healthcare center. Variation in those 
factors could help explain some of the observed varia-
tions in CFR in terms of person, place, and time. Fu-
ture investigations should also include other circulat-
ing genotypes of CCHFV.

In summary, Ct value at admission is a useful in-
dicator of CCHF disease severity to guide clinicians 
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in managing patients; lower Ct values are indicators 
of poor outcomes. Ct value should be communicated 
to clinicians to support optimized supportive care for 
affected patients. 
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Angiostrongylus cantonensis (the rat lungworm) 
is an invasive parasitic nematode originally en-

demic to Southeast Asia. Since its original description 
in China in the 1930s (1), the species has exhibited a 
remarkable capacity for global dispersal. Its range 
has steadily expanded, and A. cantonensis nematodes 
have been detected on all continents except Antarc-
tica (2). Recent records suggest that the parasite is ap-
proaching or has already established new foci in or 
near Europe (2–5). The rat lungworm is considered a 
highly successful invader because of its widespread 
distribution and the invasive potential of its 2 pri-
mary host groups: rats as definitive hosts and gastro-
pods as intermediate hosts. Representatives of those 

host groups are globally invasive and thrive in a wide 
range of environments (6–9). The close ecologic asso-
ciation with other successful invaders makes the A. 
cantonensis nematode a striking example of parallel 
biologic invasion, whereby the parasite expands its 
range in tandem with the global spread of its hosts.

The rat lungworm is an ecologically successful 
invader and zoonotic pathogen. In humans, the para-
site is the primary cause of eosinophilic meningitis, 
which is increasingly recognized as a serious infec-
tious disease known as neuroangiostrongyliasis (10). 
Clinical manifestations of A. cantonensis infection 
range from mild influenza-like symptoms to severe 
neurologic impairment and, in rare cases, death (10). 
In addition to humans, A. cantonensis nematodes can 
infect a wide range of accidental hosts, including oth-
er mammals and birds, in which it can cause neuro-
logic symptoms (11–14).

Despite detection of the parasite in the Medi-
terranean and Macaronesia, Europe has only had a 
single reported case of likely autochthonous human 
neuroangiostrongyliasis, in France (15). That single 
case is in stark contrast to other affected regions, such 
as Southeast Asia, southern China, and the Pacific 

Predictive Approach to Mapping 
Angiostrongylus cantonensis  

Nematode Distribution, 
Canary Islands, Spain

 
Lucia Anettová, Jan Divíšek, Radovan Coufal, Anna Šipková, Jana Kačmaříková, Michal Horsák,  

Vojtech Baláž, Elena Izquierdo-Rodriguez, Barbora Červená, Pilar Foronda, David Modrý

Author affiliations: Czech University of Life Sciences, Prague, 
Czech Republic (L. Anettová, D. Modrý); Masaryk University,  
Brno, Czech Republic (J. Divíšek, R. Coufal, A. Šipková,  
M. Horsák, D. Modrý); University of Veterinary Sciences, Brno  
(J. Kačmaříková, V. Baláž, B. Červená); University of La Laguna, 
Tenerife, Spain (E. Izquierdo-Rodriguez, P. Foronda); Czech 
Academy of Sciences, Brno (B. Červená); Czech Academy  
of Sciences, České Budějovice, Czech Republic (D. Modrý)

DOI: https://doi.org/10.3201/eid3207.251930

The invasive nematode Angiostrongylus cantonensis (rat 
lungworm) can cause eosinophilic meningitis in humans. 
Once restricted to Southeast Asia, A. cantonensis nema-
todes are now widespread across the tropics and have 
been reported in Europe. Tenerife, in the Canary Islands, 
and the Mediterranean region are emerging hotspots. 
We surveyed gastropods, rats, and lizards across Tener-
ife and detected the parasite in all host groups at 2.4%–
41.6% prevalence. Using species distribution models, we 
identified precipitation seasonality as the main driver of 
habitat suitability; tree cover and climatic variability pri-

marily shaped prevalence patterns. Modeling showed 
suitable habitats in northeastern Tenerife and several 
western Canary Islands but limited overlap with areas 
of dense human population. Multivariate environmental 
similarity surface analysis comparison with another A. 
cantonensis hotspot, Hawaii, USA, revealed similar en-
vironments across the archipelago, except for the novel 
northeastern Tenerife area. Although no human infec-
tions have been reported, continued vigilance is warrant-
ed because A. cantonensis nematodes are established 
in Tenerife.
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Islands, where human cases are relatively common 
(16,17). One possible explanation for those differences 
lies in differences in cultural and dietary practices. In 
several endemic regions of Asia especially, traditional 
cuisine includes consumption of raw or undercooked 
gastropods and paratenic hosts, such as freshwater 
shrimp, frogs, and monitor lizards, increasing the risk 
for infection (18–22), but such practices are rare in Eu-
rope. Nevertheless, transmission can occur through 
accidental ingestion of small, infected gastropods 
contaminating fresh produce. Infective A. cantonensis 
larvae in gastropod mucus trails has been proposed 
as a possible route (23,24), but remains insufficiently 
demonstrated. Likewise, waterborne A. cantonensis 
transmission has been hypothesized (25) but lacks 
clear supporting evidence. Those possible transmis-
sion routes highlight the need for food hygiene and 
public awareness, even in regions where risky culi-
nary practices are uncommon.

In addition to the newly recognized hotspots 
within Europe (3,5,26), the Canary Islands, an au-
tonomous community of Spain located in the Atlantic 
Ocean ≈100 km northwest of Africa, represent a cru-
cial focus of A. cantonensis nematodes. Rat lungworm 
was first reported in Tenerife, Canary Islands, from 
its definitive hosts in 2010 (27) and has been studied 
extensively in its intermediate and paratenic hosts 
(4,28–30). By 2025, high A. cantonensis prevalences had 
been reported in host species from the northeastern 
tip of Tenerife (28,29), but in the southern part of the 
island, only 1 positive sample had been documented, 
from an endemic Gallotia galloti lizard (4). That appar-
ent spatial disparity might reflect both environmental 
influences and uneven sampling effort because host 
collection is generally easier in the humid north.

In contrast to other rat lungworm hotspots 
with similarly high prevalence in intermediate and 
paratenic hosts that can serve as sources of human in-
fection (31–33), no human infection has been report-
ed in the Canary Islands. In comparison, the Pacific 
Island of Hawaii, USA, another archipelago where 
A. cantonensis nematodes have been established and 
studied for decades, human infections have been re-
ported since 1959 (34). Underdiagnosis cannot be en-
tirely ruled out in the Canary Islands, but this well-
developed region has a high standard of healthcare, 
making underdiagnosis less likely. Although the par-
asite has almost certainly been in Hawaii longer than 
in the Canary Islands (31), a comparison between cli-
matic conditions could clarify differences in human 
infections between these 2 invaded archipelagos.

Despite extensive study, the probable distribution 
and key factors influencing A. cantonensis nematode  

prevalence across the Canary Islands is still unclear, 
limiting implementation of targeted surveillance. To 
shed more light on the occurrence of rat lungworm 
across in the archipelago, and to explain the appar-
ent absence of human infections, we conducted a 
comprehensive analysis of parasites in 3 different 
host groups: definitive, intermediate, and paratenic. 
We also modeled spatial patterns in the distribution 
and prevalence of A. cantonensis nematodes in the 
Canary Islands and compared climatic conditions 
between the Canary Islands and Hawaii to assess 
relative contributions of environmental factors driv-
ing those patterns. 

Materials and Methods

Sample Collection
Because Tenerife and the Canary Islands are charac-
terized by diverse landscapes, a wide range of veg-
etation types, and substantial altitudinal variation 
(Figure 1), we hypothesized that the presence and 
prevalence of the nematode would vary considerably 
across the island. Thus, during April–May 2022, we 
collected samples from 3 host groups across 41 loca-
tions throughout the island, aiming to cover a range 
of altitude and vegetation zones with varying levels 
of anthropogenic influence (Figure 2). We considered 
an area of <400 m2 as 1 location. We met all ethical re-
quirements, and animal captures were authorized by 
the government of the Canary Islands in accordance 
with applicable law no. 42/2007, under expedient 
nos. 2022/14555 and 2022/11052. 

Rat Collection
We collected definitive rat hosts at 11 locations. We 
captured rats in live traps set at dusk, left overnight, 
and retrieved by dawn. A person authorized to han-
dle and euthanize animals euthanized rats by using 
medetomidine (0.2 mg/kg) and ketamine (3.5 mg/
kg), followed by intracardial T61 injection. 

We dissected rats and collected adult nematodes 
from the heart or pulmonary arteries. We preliminar-
ily identified recovered nematodes as A. cantonensis 
on the basis of macroscopic characteristics and pre-
served nematodes for subsequent molecular confir-
mation. We also collected brain samples and stored 
in 70% ethanol for molecular analysis. We considered 
rats positive if we confirmed adult nematodes from 
pulmonary arteries or heart.

Lizard Sample Collection
For lizard samples, we used data from our previous 
study on A. cantonensis prevalence in G. galloti lizards 
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on Tenerife (4). For that study, we collected only tail 
tissue before releasing lizards. In brief, we captured 
lizards live in traps baited with a ripe tomato. Traps 
were checked hourly; we removed captured lizards, 
grasped the tail to induce caudal autotomy, then re-
leased the lizard (4). We retained the separated tail, 
approximately two thirds of the total length, and 
froze for A. cantonensis DNA testing (4).

Gastropod Collection
We collected gastropods at 37 sites. One person 
searched each site, an area of ≈20 m2 of homogeneous 
habitat, for ≈60 minutes. We collected both native 
and nonnative gastropods by handpicking. We did 
not use the litter sieving method because it primarily 
captures minute gastropod species that are unlikely 
to contribute substantially to A. cantonensis transmis-
sion dynamics. 

We euthanized collected gastropods by freezing 
and subsequently preserved gastropods in molecu-
lar-grade 99% ethanol. We later performed species 
identification in the laboratory by following the Mol-
luscaBase (https://www.molluscabase.org) nomen-
clature. Of all collected gastropods, we selected 697 
for molecular analysis.

Molecular Analysis
For molecular analysis, we defrosted lizard tails 
and weighed, using ≈25 mg of the proximal part of 
the tail (4). For gastropods, we used ≈25 μg of foot  

tissue; we processed a similar amount of cerebral 
tissue from the rats. We used the DNeasy Blood & 
Tissue Kit (QIAGEN, https://www.qiagen.com) to 
extract DNA from gastropod, lizard, and rat tissues 
using an extended overnight prelysis step. 

We performed quantitative PCR by using a Light-
Cycler 480 instrument (Roche Life Science, https://
lifescience.roche.com), following previously pub-
lished protocols (35). For positive controls, we ex-
tracted DNA from a single third-stage A. cantonensis 
larva by the same method used for the samples and 
diluted ×100. We used nuclease-free water as a nega-
tive control. We ran the assay in duplicate and calcu-
lated the average cycle threshold (Ct) values between 
positive sample duplicates by performing absolute 
quantification analysis of the 2nd derivative maxi-
mum. We only considered amplification curves with 
a Ct value <35 positive to avoid false-positive results 
caused by amplification and fluorescence artifacts or 
by cross-contamination.

For adult nematodes, we extracted DNA from 
approximately the middle third of the body by using 
innuPREP Forensic Kit (Innuscreen GmbH, https://
innuscreen.ist-ag.com). We amplified the complete 
cytochrome c oxidase subunit I (COI) gene, as pre-
viously described (5). We separated PCR products 
and visualized by using agarose gel electrophoresis 
and subsequently purified by using ExoSAP-IT re-
agent (Thermo Fisher Scientific, https://www.ther-
mofisher.com). We submitted samples to SEQme  

Figure 1. Examples of sampling sites for definitive, intermediate, and paratenic hosts used in a predictive approach to mapping 
Angiostrongylus cantonensis nematode distribution, Canary Islands, Spain. Hosts were collected and sampled in 2022 on Tenerife.  
A, B) Xeric vegetation types, including bare volcanic rocks with scattered succulents (A) and sparse xerophytic bushland (B). C, D) Bush 
vegetation, including continuous bush without tree cover (C) and continuous bush interspersed with isolated trees (D). E, F) Laurel forest 
in Anaga, Tenerife. 
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(https://www.seqme.eu) for Sanger sequencing. We 
checked, trimmed and aligned sequences in Geneious 
Prime 2025.2.2 (https://www.geneious.com) and 
checked their identity against the GenBank database 
by using BLASTn (https://blast.ncbi.nlm.nih.gov), 
according to described methods (36).

Species Distribution Modeling
To model the potential distribution of A. cantonensis 
in the Canary Islands, we used data derived from 
field surveys. We considered locations positive if we 
detected the parasite’s DNA by molecular methods 
in any host species (rats, lizards, or gastropods) or if 
we found adult nematodes in the pulmonary arteries 
of rats. 

We performed species distribution modeling by 
using the maximum entropy algorithm in Maxent 
software version 3.4.4 (American Museum of Natu-
ral History, https://biodiversityinformatics.amnh.
org/open_source/maxent). Environmental predic-
tor variables included bioclimatic data, land cover, 
vegetation indices, and topographic characteristics 
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/32/7/25-1930-App1.pdf). We resampled 
all raster layers to a common resolution of ≈100 
m2 (0.0012555749) and kept in World Geodetic Sys-
tem 1984 (GIS Geography, https://gisgeography.
com/wgs84-world-geodetic-system) to match the  

coordinate format of occurrence data. To ensure 
model calibration focused on Tenerife, we used a 
bias file to constrain background point selection to 
this island.

We obtained the bioclimatic variables for Tenerife 
from 1981–2010 from the CHELSA database (https://
www.chelsa-climate.org). CHELSA variables in-
cluded annual mean temperature in degrees Celsius 
(bio1), temperature seasonality (bio4), annual pre-
cipitation in kilograms per square meter (bio12), and 
precipitation seasonality (bio15) (37). We used a 2018 
tree cover density (TCD) layer and CORINE land 
cover (CLC) categories from the European Union’s 
Copernicus Land Monitoring Service (https://land.
copernicus.eu) to represent the landscape structure 
and transformed TCD and CLC into binary layers. 
We aggregated CLC classes to define land categories 
as urban areas (class 1), agricultural land (classes 21, 
22, and 24), forests (class 31), scrub vegetation (class 
32), pastures and grasslands (classes 231 and 321), 
and nonvegetated areas (class 33).

We represented local site moisture conditions 
by a topographic wetness index (TWI), calculated in 
SAGA GIS version 8.3.0 (https://sagagis.com) on the 
basis of the Copernicus global and European digital 
elevation model (Copernicus Data Space Ecosystem, 
https://dataspace.copernicus.eu) at 90 meters resolu-
tion (38). We incorporated vegetation dynamics via 

Figure 2. Host sampling sites 
used in a predictive approach 
to mapping Angiostrongylus 
cantonensis nematode 
distribution, Canary Islands, 
Spain. Host sampling included 
gastropods intermediate hosts, 
lizards paratenic hosts, and rats 
definitive hosts across Tenerife 
in 2022. We used those samples 
as the basis for prevalence 
estimates and species distribution 
modeling of A. cantonensis.
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mean (SD) normalized difference vegetation index 
(NDVI) for 2022 (39). We also included a terrain rug-
gedness index (TRI) as a topographic predictor. We 
resampled all raster layers to a common resolution of 
≈100 m2 (0.0012555749) by using B-spline interpola-
tion in SAGA GIS.

We trained models with default Maxent settings 
unless stated otherwise. We excluded variables con-
tributing <0.5% to the model to improve model par-
simony. We projected the final model to all Canary 
Islands to identify suitable habitats beyond Tenerife.

We calculated A. cantonensis prevalence as the 
percentage of positive samples for 37 locations in 
Tenerife. We excluded locations with <6 samples or 
with samples marked as failed or dubious. To model 
prevalence, we used a boosted regression tree (BRT) 
algorithm and the same set of environmental pre-
dictors as in the Maxent modeling. We used Mann-
Whitney U test to assess differences in prevalence 
between locations with overlapping host groups and 
those with a single host group. To assess the overlap 
between areas with high human population density 
and predicted suitability for A. cantonensis nema-
todes, we overlaid the Maxent and the prevalence 
model outputs with land cover data on urban areas 
from CLC class 1.

We ran the BRT model in R (The R Project for Sta-
tistical Computing, https://www.r-project.org) by 
using the gbm.step function from the dismo package 
(https://r-packages.io/packages/dismo/circles). 
We used the following parameters in the BRT mod-
el: family  =  gaussian, tree.complexity  =  3, learning.
rate = 0.001, bag.fraction = 0.75, and step.size = 10. We 
selected the optimal number of boosted regression 
trees via 5-fold cross-validation. We weighted loca-
tions by the number of host samples collected per site, 
ranging from 6 to 106 (mean 23.84) host samples. We 
ran an initial model with all predictors, then removed 
predictors with zero contribution before refitting the 
final model using the same settings.

To assess climatic similarity between the Canary 
Islands and the Hawaiian Islands, we performed 
a multivariate environmental similarity surface 
(MESS) analysis in R by using the dismo and raster 
packages (https://r-packages.io/packages/dismo/
circles). In that analysis, we used bioclimatic vari-
ables bio1, bio4, bio12, and bio15, as described. We 
obtained climatic data for Hawaii and the Canary 
Islands from the CHELSA database (1981–2010). We 
trained MESS on climatic data from Hawaii, then 
projected to the Canary Islands to identify areas of 
environmental similarity and novelty relative to the 
training region.

Results

A. cantonensis Distribution
Of 41 surveyed locations, we confirmed >1 positive 
host species in 35 locations. In total, we collected 78 
rats (both Rattus rattus and R. norvegicus) from 11 
sites; 13 (16.7%) rates tested positive. We observed the 
highest A. cantonensis prevalence in rats in Tegueste, 
the humid northeast of the island, where half of the 
examined rats carried the parasite. We confirmed all 
adult nematodes collected from rats were A. cantonen-
sis, and COI sequences were identical across all speci-
mens (GenBank accession no. PX496382). 

Among 129 G. galloti lizards examined, 35 (27.1%) 
were A. cantonensis positive (4). For lizards, the high-
est infection rate (63.6%) was in Anaga National Park 
in the humid northeast. 

Gastropods represented the largest sample set. 
Among 697 individual gastropods tested from 41 loca-
tions, 185 (26.7%) were A. cantonensis positive; results for 
4 were inconclusive, showing weak or inconsistent am-
plification signals (Ct values >35) upon repeated quanti-
tative PCR analysis. The Anaga region showed the high-
est A. cantonensis prevalence (43.3%) in gastropods. 

After excluding sites with <6 samples or with 
failed or dubious results, prevalence estimates calcu-
lated for 37 sites ranged from 0 to 0.70 (mean 0.28). 
Sampling of multiple host groups overlapped in 11 
locations, and 30 locations included only 1 host group 
(Appendix Table 2). Mean prevalence was lower in 
locations with multiple host groups (17.6%) com-
pared with locations with a single host group (33.7%); 
however, that difference was not statistically signifi-
cant (p = 0.15 by Mann-Whitney U test). 

Predicted Environmental Suitability
Maxent predictions showed that the highest habitat 
suitability is in the northeastern tip of the island, with 
scattered patches in mid-altitude zones. We retained 
8 variables in the final model: precipitation seasonal-
ity, annual mean temperature, topographic wetness, 
terrain ruggedness, TCD, vegetation indices (mean 
NDVI [SD]), and temperature seasonality. The most 
influential predictors for A. cantonensis detection 
were precipitation seasonality (52.1% contribution), 
annual mean temperature (18.1% contribution), and 
terrain ruggedness (9.5% contribution) (Table 1). 
Response curves indicated that the parasite favored 
intermediate temperatures and lower rainfall vari-
ability (Appendix Figures 1–3). Intersecting the Max-
ent prediction with urbanized areas showed limited 
overlap between highly suitable habitats and dense-
ly urbanized zones (i.e., areas of high population  
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density), and overlap mainly is restricted to small 
patches in the northeastern outcrop (Figure 3).

Influences on Parasite Prevalence
The BRT model (pseudo-R2 = 26%, mean squared er-
ror =  0.0412) confirmed that TCD (30.9%), precipita-
tion seasonality (22.2%), and temperature seasonality 

(17.0%) were the strongest predictors of prevalence 
variation among sites. Vegetation indices also contrib-
uted notably (NDVI mean  12.7% [SD  6.9%]). In con-
trast, annual precipitation and topographic wetness 
had minimal influence (1%). The BRT model predict-
ed prevalence values ranged from 20% to 32% across 
Tenerife. Predicted prevalence maps highlighted foci 
overlapping with the northeast but also indicated suit-
able mid-elevation habitats outside the current known 
A. cantonensis distribution (Table 2, Figure 3).

Climatic Conditions Associated with  
A. cantonensis Distribution
MESS projections using bioclimatic variables bio1, 
bio4, bio12, and bio15 indicated relatively high envi-
ronmental similarity to Hawaii in the drier leeward 
areas of southern Tenerife, southern Gran Canaria, 
and El Hierro, but the humid northeast of Tenerife 
showed low similarity and had novel conditions rela-
tive to Hawaii (Figure 4). Those projections suggest 
that climatic analogy to conditions in Hawaii occur 
primarily in drier Canary Island habitats, whereas 
the humid northeastern sector represents a distinct  

 
Table 1. Percent contribution and permutation importance of 
environmental variables retained in a predictive approach to 
mapping Angiostrongylus cantonensis nematode distribution, 
Canary Islands, Spain* 
Variable % Contribution Permutation 
Precipitation seasonality 52.1 9.6 
Mean annual temperature 18.1 49.8 
Topographic wetness index 10.4 9.4 
Terrain ruggedness index 9.5 20.3 
Tree cover density, 2018 8.4 0.9 
Mean NDVI (SD), 2022 0.8 (0.5) 1.6 (0.4) 
Temperature seasonality 0.4 7.9 
*Predictions of habitat suitability (probability of occurrence) were made in 
MaxEnt mode on the basis of data from A. cantonensis field surveys 
conducted on Tenerife in 2022. We used bioclimatic variables from the 
CHELSA database (https://www.chelsa-climate.org) for 1981–2010 (37), 
including annual mean temperature in degrees Celsius (bio1), temperature 
seasonality (bio4), annual precipitation in kilograms per square meter 
(bio12), and precipitation seasonality (bio15). NDVI, normalized difference 
vegetation index. 

 

Figure 3. Modeled habitat suitability from a predictive approach to mapping Angiostrongylus cantonensis nematode distribution, Canary 
Islands, Spain, and prevalence of A. cantonensis across Tenerife and the Canary Islands based on field survey data (2022). A, C) 
MaxEnt model predicting habitat suitability (probability of occurrence), with overlap of urban areas (CORINE Land Cover, class 1), for 
Tenerife detail (A) and the Canary Islands archipelago (C). B, D) Boosted regression tree model predicting prevalence in Tenerife (B) 
and the Canary Islands archipelago (D).
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environmental space that might follow its own trans-
mission pathways.

Discussion
Our survey confirms that A. cantonensis is now 
firmly established across Tenerife. The parasite was 
detected across the island, and 35 of 41 surveyed 
locations tested positive, including arid southern 
sites where the parasite was previously reported in 
endemic lizards (4). 

The invasion process is typically described as a se-
quence of 5 stages: transport, introduction, establish-
ment, spread, and negative impacts (40). Establish-
ment can be recognized by the successful exploitation 
of local hosts and an increasing number of infected 
host species over time (41,42). Since the parasite was 
first recorded on Tenerife in 2010 (27), it circulated 
among both endemic and invasive species, involving 
intermediate as well as paratenic hosts (28,30). There-
fore, we consider A. cantonensis nematodes to be well 
established on Tenerife. Distribution on the remain-
ing Canary Islands is less clear, but the parasite has 
been documented in intermediate and accidental 
hosts on other islands in the archipelago (43). Involve-
ment of multiple host taxa, including numerous gas-
tropods species, lizards, and rats (Appendix Table 2), 
raises concerns not only for zoonotic risk but also for  
potential impacts on wildlife that could suffer from 
neurologic disease caused by A. cantonensis infection.

Although locations with multiple host groups 
might be expected to enable completion of the para-
site life cycle, we did not observe higher A. cantonen-
sis prevalence in those sites. That observation might 
reflect differences in sampling effort, host-specific in-
fection dynamics, or environmental conditions rather 
than true transmission intensity. Thus, the presence 
of multiple host types alone might not be a sufficient 
indicator of elevated transmission risk.

Despite the well-documented presence of A. can-
tonensis nematodes in animal hosts, no human neu-

roangiostrongyliasis cases have been reported from 
Tenerife, mirroring a pattern from the Mediterranean 
where the parasite has been confirmed but no cases of 
human infection have been reported (3,5). One plau-
sible explanation lies in local cultural and culinary 
practices. In contrast to Southeast Asia and parts of 
the Pacific, where raw or undercooked gastropods 
(including small or hidden gastropods on vegetation 
or produce), freshwater shrimp, frogs, or lizards are 
often consumed (18–21), such practices are not com-
mon in Europe. Sporadic cases in the future cannot 
be entirely ruled out, and although dietary habits and 
food preparation standards likely reduce infection 
risk, accidental exposure via produce contaminated 
with small gastropods remains possible.

In Tenerife specifically, our models highlight an-
other potential factor: limited overlap between areas 
of highest predicted environmental suitability for A. 
cantonensis nematodes and densely populated urban 
zones. That overlap was restricted to small patches 
in the humid northeast. Instead, most of the suitable 
habitat is associated with forested or seminatural ar-
eas, where human–gastropod contact is expected to 
be less frequent. The parasite’s dependence on pre-
cipitation seasonality and TCD, as identified by Max-
ent and BRT analyses, reinforces that pattern because 
those conditions are most pronounced in natural 

 
Table 2. Relative influence of environmental variables in boosted 
regression tree model used in a predictive approach to mapping 
Angiostrongylus cantonensis nematode distribution, Canary 
Islands, Spain* 
Variable % Relative influence 
Tree cover density 30.95 
Precipitation seasonality 22.19 
Temperature seasonality 17.03 
Mean NDVI (SD) 12.74 (6.88) 
Mean annual temperature 5.83 
Terrain ruggedness index  3.21 
Annual precipitation 0.79 
Topographic wetness index 0.36 
*Model used local prevalence of A. cantonensis nematode detection 
among multiple host groups across Tenerife on the basis of 2022 field 
surveillance data. NDVI, normalized difference vegetation index. 

 

Figure 4. Multivariate 
Environmental Similarity Surface 
(MESS) analysis assessing climatic 
similarity between Hawaii, USA 
(training region with known human 
cases of neuroangiostrongyliasis), 
and the Canary Islands using 
selected bioclimatic variables in 
a predictive approach to mapping 
Angiostrongylus cantonensis 
nematode distribution, Canary 
Islands, Spain. Values indicate 
areas of environmental similarity 
and novelty relative to Hawaii.
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and forested landscapes rather than in croplands or 
densely urbanized areas.

Of note, the BRT model explained only 26% of 
variation in prevalence values and produced pre-
dictions in a narrow range of 20%–32%, rather than 
across the full 0%–70% prevalence spectrum. Al-
though the model was unable to predict exception-
ally high prevalences, the spatial pattern was well 
captured, confirming the results of Maxent modeling.

The MESS analysis revealed variable climatic 
similarity across the Canary Islands. Drier leeward 
zones climatically resemble Hawaii, but the humid 
northeastern tip of Tenerife, where A. cantonensis 
prevalence is highest, falls outside the Hawaii refer-
ence climate. That apparent paradox illustrates that 
bioclimatic factors alone cannot predict parasite 
presence or human infection risk. Thus, distinction 
is needed between parasite establishment in natural 
hosts, shaped by climate and rat ecology, and human 
case emergence, which depends on ecologic, cultural, 
and socioeconomic exposure drivers.

Comparisons with other regions support that 
view. In Hawaii, where the parasite was introduced 
and is now widespread, cases of human infection have 
been reported (31), possibly related to anthropologic 
and ecologic factors, including fresh produce carry-
ing small infected gastropods or, potentially, their 
mucus. On the other hand, in Australia, neuroangio-
strongyliasis cases are more commonly reported in 
dogs (44), again reflecting local exposure pathways 
rather than climate alone. Those examples suggest 
that the parasite’s broad ecologic tolerance and abil-
ity to persist in rats and snails effectively decouple its 
distribution from strict climatic boundaries. A. canto-
nensis nematodes have the capacity to overwinter in 
rodents because of long patent periods and have been 
experimentally shown to persist in snails (45), further 
widening the climatic niche beyond those captured 
by environmental predictors.

Limitations of this study include nonuniform 
host sampling across locations, single time-point 
prevalence estimates, and a MESS analysis restricted 
to climatic similarity without accounting for ecologic 
differences. Nonetheless, integrating field data with 
modeling offers a practical framework for identifying 
areas of potential risk.

In conclusion, our results highlight that species 
distribution models are useful for identifying envi-
ronmental hotspots for A. cantonensis nematodes and 
guiding surveillance but cannot predict human infec-
tion risk alone. Future research should integrate eco-
logic modeling with epidemiologic and anthropologic 
perspectives, addressing dietary practices, food safety, 

water systems, and human behaviors that modulate 
zoonotic potential. The absence of human cases despite 
locally established host cycles in Tenerife, Mallorca, 
Valencia, and Naples suggests exposure-related fac-
tors are critical determinants. Nonetheless, continued 
vigilance for human A. cantonensis infection is warrant-
ed in areas with established host populations.
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Mansonella streptocerca is a species of neglected, 
skin-dwelling filarial nematode that is trans-

mitted by biting midges of the genus Culicoides. M. 
streptocerca is one of the least studied human filariae 
species; epidemiologic data are scarce compared with 
other species (1,2). Although often asymptomatic, 
infections can cause pruritus, papular dermatitis, or 
lymphadenopathy (3,4). Whether this species induces 
immunomodulatory effects, as for M. perstans nema-
todes, is unclear (5). Risk factors for infection with 
this parasite are unknown.

Central Africa presents a relevant epidemio-
logic context because of the dense rainforest ecosys-
tem that promotes vector populations and human 
exposure (6,7). In Gabon, a country recognized as 
filarial-endemic, data on M. streptocerca nematodes 
are limited. A few parasitologic surveys in the 1970s 

and 1980s detected dermal filarial species in several 
regions (J. Chandenier, doctoral thesis, University 
of Paris VI, 1983), but large-scale molecular investi-
gations have been lacking since. Coendemic filarial 
species complicate local epidemiology. Onchocerca 
volvulus nematodes, transmitted by Simulium black 
flies, cause major dermatologic and ocular disease, 
but data from Gabon remain scarce (8–10). In con-
trast to Simulium black flies, which require fast-
flowing rivers for larval development (11), Culicoi-
des midges typically breed in moist, organically rich 
substrates, such as damp soil and decaying vegeta-
tion (12). Those ecologic differences suggest that en-
vironmental determinants of transmission might 
vary substantially between skin-dwelling filariae. 
The Loa loa nematode, a blood-dwelling species, can 
occasionally be detected in skin in cases with high 
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Mansonella streptocerca is a species of neglected skin-
dwelling filarial nematode parasite with scarce epi-
demiologic data from Central Africa. We conducted a 
cross-sectional survey of 1,007 adults from 51 rural and 
semiurban communities in Gabon to update prevalence 
estimates and identify risk factors. Molecular analyses by 
quantitative PCR detected filarial DNA in 18.3% of skin 
snips; M. streptocerca predominated (14.2%), and On-
chocerca volvulus (3.4%) occurred focally in a single rural 
area. Blood-dwelling parasite species such as Loa loa,  

M. perstans, and Mansonella sp. “DEUX” were rarely de-
tected. M. streptocerca infection was 4 times more fre-
quent in rural areas than in semiurban areas and inde-
pendently associated with male sex, urticaria, and poor 
housing conditions. Wolbachia DNA occurred in 28% of 
M. streptocerca–positive samples, suggesting endosym-
biosis. Our findings reveal a substantial but overlooked 
burden of M. streptocerca nematodes in Gabon and em-
phasize the need for integrated surveillance of skin-dwell-
ing filarial infections in Central Africa.
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parasitemia (13,14). Loiasis is widespread in Gabon; 
hyperendemic areas are characterized by high mi-
crofilarial loads (15–17). Its coendemicity with on-
chocerciasis is programmatically relevant because 
ivermectin, the standard antiparasitic used for on-
chocerciasis control, can cause severe adverse events 
in persons with high L. loa microfilaremia (18). In 
addition, other blood-dwelling filaria such as M. 
perstans and the recently described Mansonella sp. 
“DEUX” nematodes are frequent blood parasites in 
populations in Gabon (19,20), yet their detection in 
skin snips is not documented. Among those human 
filariases, only onchocerciasis is currently included 
in the World Health Organization (WHO) list of ne-
glected tropical diseases. No evidence of sustained 
large-scale antifilarial mass drug administration 
programs in Gabon was identified in the literature; 
the lack of evidence might partly reflect the difficul-
ty of implementing such programs in the context of 
limited data on disease distribution and L. loa coen-
demicity (21).

Skin snipping has historically been the diagnostic 
standard of skin-dwelling filariae such as O. volvulus 
and M. streptocerca. Molecular tools have improved 
sensitivity and specificity of skin-snip analysis, en-
abling simultaneous detection of multiple species and 
clearer mapping of parasitic distributions.

This study was designed to update prevalence 
estimates of skin-dwelling filarial infections in 2 
provinces of central Gabon, with a particular focus 
on M. streptocerca nematodes. We aimed to establish 
the risk factors and symptoms associated with this 
parasite. By combining population-based skin snip 
sampling with molecular assays and standardized 
questionnaires, we sought to better characterize the 
burden of these neglected filariae and inform future 
control strategies.

Methods

Ethics Approval
This cross-sectional study was conducted by conve-
nience sampling during May 2022–December 2024. 
Ethical approval was granted by the Institutional 
Ethics Committee of the Centre de Recherches Médi-
cales de Lambaréné (reference no. CEI-001/2022). 
All participants provided written informed consent 
before enrollment. Participation was voluntary, and 
participants were informed of their test results. On-
chocerca-positive persons were offered doxycycline as 
treatment. The study followed the International Con-
ference on Harmonization of Good Clinical Practice 
and the Declaration of Helsinki.

Study Area and Population
The study took place in Ngounié and Moyen-Ogo-
oué provinces in central Gabon, covering rural and 
semiurban communities around Lambaréné, Bifoun, 
Sindara, and Fougamou. Gabon is a country in Cen-
tral Africa dominated by rainforest ecosystems, pro-
viding suitable conditions for filarial transmission.

Study sites were classified as rural or semiur-
ban. Semiurban sites were the towns of Fougamou, 
Lambaréné, and Bifoun, defined by population size 
of >1,400 inhabitants (22) and partial access to infra-
structure such as healthcare, electricity, or sanita-
tion. Rural sites were small, often isolated villages 
with limited to absent public services. In total, we 
sampled 51 locations (35 rural and 16 semiurban) 
(Figure 1).

Adults (>18 years of age) residing in the area who 
provided written consent were eligible to participate. 
Recruitment was community-based and conducted in 
public space. Each participant received a pseudony-
mized study identification.

Sample Collection
We collected a superficial skin snip (≈2 mg) from the 
scapular region under local anesthesia (EMLA; As-
pen Pharmacare, https://www.aspenpharma.com). 
We took snips using sterile cannulas and scalpels 
and disinfected wound sites before and after sam-
pling. We stored snips in DNA/RNA Shield (Zymo 
Research, https://www.zymoresearch.com) at −20°C 
until further on-site procedures.

Questionnaire Data
Trained interviewers administered a structured ques-
tionnaire in French language. Demographic informa-
tion included sex, age, occupation, and type of resi-
dence. Occupations were grouped into 5 categories: 
agriculture/forest labor, non-agricultural manual la-
bor, health/public sector, commerce, and other (stu-
dents, irregular work, unemployment). Vector expo-
sure was assessed by self-reported frequency of bites 
by Culicoides midges (fourous in French) per day (>50, 
10–50, <10, or never).

Self-reported clinical data included symptoms as-
sociated with filarial infections (pruritus, rash, urticar-
ia, fatigue, joint pain, subcutaneous nodules, stomach 
pain, headaches); frequency was scored on an ordinal 
scale (daily, weekly, monthly, never). We recorded eye 
symptoms (yes/no), uncommon in M. streptocerca in-
fections, to explore potential overlap with O. volvulus or 
L. loa infections. Participants reported medical history 
(chronic illness, filarial diagnosis in the past year), recent 
antiparasitic treatment (Appendix, https://wwwnc. 
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cdc.gov/EID/article/32/7/25-1800-App1.pdf), travel 
outside their region within 1 year, and presence of 
domestic animals or rodents in the household. We as-
sessed housing quality with 4 binary indicators: pro-
tected drinking water, electricity, cement flooring, and 
improved sanitation. A composite housing score (0–4) 
reflected infrastructure quality; higher scores indicated 
better housing conditions. Participants also rated the 
effects of skin problems on daily life (not at all, a little, 
a lot, very much).

Laboratory Procedures and Quantitative  
PCR Assay Design
We extracted DNA from skin snips using the Mon-
arch Genomic DNA Purification Kit (New England 
Biolabs, https://www.neb.com), eluted it in 60 µL 
buffer, and stored at −20°C until analysis. Filarial 
DNA detection targeted the internal transcribed spac-
er 1 (ITS1) region (Appendix Table 1). We performed 
screening with a published pan-filaria quantitative 
PCR (qPCR) (23) targeting a well-conserved sequence 
shared by all filarial species. Positive samples under-
went a preamplification step of the ITS1 region fol-
lowing established protocols (21) to increase template 
availability for downstream assays.

We then conducted species-specific qPCRs for M. 
streptocerca, M. perstans, Mansonella sp. “DEUX,” O. vol-
vulus, and L. loa. Species-specific probes for M. strepto-
cerca and O. volvulus nematodes were newly designed 
within the ITS1 region (Appendix). Each 20 µL reac-
tion included buffer (SensiMix II Probe No-ROX [Me-
ridian Bioscience, https://www.meridianbioscience.
com] for pan-filaria and L. loa qPCR; 10× PCR Buffer  

[QIAGEN, https://www.qiagen.com] for preamplifi-
cation; SensiFAST Probe No-ROX Mix [Meridian Bio-
sciences] for all other reactions), primers (Integrated 
DNA Technologies, https://www.idtdna.com), and 
species-specific hydrolysis probes (Eurofins Genomics, 
https://eurofinsgenomics.com). Cycling consisted of 
an initial denaturation (95°C, 10 min), followed by 45 
cycles of denaturation (95°C, 10 s) and annealing/ex-
tension (58°C, 60 s). For Mansonella sp. “DEUX” and L. 
loa, we performed annealing at 62°C. Positive controls 
consisted of synthetic plasmids carrying ITS1 inserts of 
the targeted species (M. streptocerca, M. perstans, Man-
sonella sp. “DEUX,” O. volvulus) (Appendix Table 2). 
For L. loa, we used monoinfected DNA samples with 
low cycle quantification (Cq) values as controls. Nega-
tive controls included nuclease-free water and nonin-
fected human DNA.

We screened a subset of M. streptocerca–positive 
samples for Wolbachia DNA by qPCR, according to 
published protocols (19,24). Assays targeted the Wol-
bachia ftsZ gene using species-specific primers and 
probes (Appendix Table 1) after a preamplification 
step. We selected the Wolbachia cell-division gene 
(ftsZ) as a highly conserved marker that enables de-
tection across nematode-associated Wolbachia super-
groups C, D, F, and J. Each reaction included O. volvu-
lus DNA as a positive control and nuclease-free water 
as a negative control.

We performed all molecular assays in duplicate 
using a LightCycler 480 system (Roche, https://
www.roche.com). Because the ITS1 region is multico-
py and a preamplification step has been incorporated, 
we interpreted the Cq values as relative measures of 
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Figure 1. Sampling sites across 
central Gabon in study of 
molecular epidemiology of skin-
dwelling filariae and risk factors 
for Mansonella streptocerca 
infection, Gabon. For clarity 
in labeling, nearby semiurban 
sampling sites were grouped 
under their respective town 
names (e.g., Lambaréné, Bifoun, 
Fougamou). Although Sindara 
is a cluster of rural villages, not 
a town, it was labeled as a town 
because of the high number of 
sampling sites in the area and its 
central role in the analysis. Inset 
map shows location of study 
area in Gabon.



RESEARCH

template abundance rather than as direct estimates of 
microfilarial density.

Data Management and Statistical Analysis
We pseudonymized and analyzed all data in R ver-
sion 4.5.0 (The R Project for Statistical Computing, 
https://www.r-project.org). We considered a sample 
positive if amplification occurred in >1 of 2 assay du-
plicates with a characteristic sigmoidal curve and any 
Cq value in qPCR.

We calculated prevalence estimates with exact 
(Clopper-Pearson) 95% CIs. We assessed associations 
between infection status and categorical variables 
(binary or multi-category) using the Pearson χ2 test 
of independence (or Fisher exact test when expected 
counts were <5). We defined age categories (18–34, 
35–50, 51–62, >63 years) using quartiles to distribute 
participants evenly across categories and analyzed 
them as ordered variables using the Cochran-Armit-
age trend test to evaluate linear trends in prevalence 
across categories.

We tested ordinal questionnaire variables (e.g., 
frequency of reported symptoms, number of Culicoi-
des midge bites, housing score) using trend tests or 
Mann-Whitney U tests as appropriate (Table 1). To 
account for potential collinearity, we evaluated de-
pendence between key predictors (occupation, hous-
ing quality, sex, and rural/urban residence) using χ2 
tests of independence (Table 1). We interpreted vari-
ables showing strong overlap with caution in multi-
variable models.

We analyzed independent predictors of M. strep-
tocerca infection using multivariable logistic regres-
sion. We derived a parsimonious final model by 
stepwise Akaike information criterion selection and 
formally tested a sex/occupation interaction. We pre-
sented results as adjusted odds ratios (aOR) with 95% 
CIs and p values; we excluded missing responses. 
Analyses focused solely on M. streptocerca nematodes, 
the predominant species detected in skin snips.

Results
We enrolled 1,007 adults from 51 sampling points. 
Participants were balanced by sex (49% female, 50% 
male) and were 18–97 years of age (Table 2). Most 
(63.9%) lived in rural areas, whereas 36.1% were from 
semiurban centers (Table 2). Agriculture and forest-
related work predominated in rural villages, whereas 
semiurban residents were more often employed in 
commerce, health, or public services (Table 2).

Pan-filaria screening identified filarial DNA in 
18.3% (median Cq 34.42) of skin snips. M. streptocer-
ca was the most frequent nematode species at 14.2% 

(median Cq 19.38), followed by O. volvulus at 3.4% 
(median Cq 17.35). Blood-dwelling nematode species 
were occasionally detected in skin samples: L. loa in 
4.1% (median Cq 22.80), M. perstans in 0.3% (median 
Cq 33.21), and Mansonella sp. “DEUX” in a single case 
(0.1% [median Cq 13.32]); 3.8% of the participants were 
co-infected with >2 species (Appendix Table 3, Figure 
1). Of 67 monoinfected M. streptocerca nematode–pos-
itive samples, 19 (28.4%) tested positive for Wolbachia 
nematodes after preamplification. Median Cq values 
of M. streptocerca ITS1 qPCR were significantly low-
er in Wolbachia-positive samples than in Wolbachia-
negative samples (12.77 vs. 18.20 by Wilcoxon rank-
sum test; p<0.001), which is consistent with higher 
template abundance in Wolbachia-positive samples 
(Appendix Figure 2). However, given the preampli-
fication step before the species-specific detection, Cq 
values should not be interpreted as direct quantita-
tive measures of microfilaremia. To validate qPCR re-
sults, we sequenced the Wolbachia ftsZ target region in 
11 samples and confirmed the expected sequence in 9 
of them. We generated a consensus sequence from 4 
M. streptocerca nematode–positive samples (GenBank 
accession nos. PZ173978–81) (Appendix). Compared 
with the published Wolbachia ftsZ sequence from M. 
perstans (GenBank accession no. KJ631375), the 438-
bp consensus sequence obtained from M. streptocerca 
nematode–positive samples showed 8 nt differences.

Geographic mapping showed marked heterogene-
ity; filaria prevalence ranged from no cases to >60% for 
different sites (Figure 2, panel A; Appendix Table 4). 
The distribution of M. streptocerca nematodes (Figure 
2, panel B) largely mirrored overall positivity, exceed-
ing 40% in some rural sites and reaching up to 80% in 
Nzoghe-Bang. By contrast, some semiurban sites had 
no cases (e.g., Atongowanga). M. streptocerca nematode 
prevalence was 19.3% in rural areas (range 0%–80%) 
compared with 5.2% in semiurban areas (range 0%–
23.1%), a highly significant difference (p<0.0001 by χ2 
test). Infection was 4 times more likely in rural residents 
(odds ratio 4.34 [95% CI 2.63–7.16]); O. volvulus nema-
todes (Figure 2, panel C) displayed a highly focal pat-
tern, confined almost entirely to 1 area (Sindara area).

Infection was significantly more common in men 
(102/504 [20.2%]) than in women (40/489 [8.2%]) 
(p<0.0001 by χ2 test) (Table 1). No significant linear 
trend was observed across age categories (p = 0.893 
by Cochran-Armitage test). Occupational categories 
showed heterogeneous risks: nonagricultural manual 
laborers had the highest prevalence (19/82 [23.2%]) of 
the occupational categories, and that association was 
significant in univariate analysis (p = 0.0065). Agricul-
tural workers had a slightly higher prevalence than 
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Table 1. Univariate analysis of associations between demographic, environmental, and clinical variables and Mansonella streptocerca 
infection in study of molecular epidemiology of skin-dwelling filariae and risk factors for M. streptocerca infection, Gabon* 

Category 
No. 

participants 

No. (%) 

p value (test) 
M. streptocerca 
qPCR-positive 

M. streptocerca 
qPCR-negative 

Total no. 1,007 143 (14.2) 864 (85.8) 
 

Age, y 
    

 18–34 249 37 (25.9) 212 (24.5) 0.893 (Cochran-Armitage) 
 35–50 261 34 (23.8) 227 (26.3) 
 51–62 249 34 (23.8) 215 (24.9) 
 63–100 231 35 (24.5) 196 (22.7) 
 Unknown 17 3 (2.1) 14 (1.6) 

 

Sex 
 M 504 102 (71.3) 402 (46.5) <0.001 (χ2) 
 F 489 40 (28.0) 449 (52.0) 
 Unknown 14 1 (0.7) 13 (1.5) 

 

Occupation 
 Agriculture 447 72 (50.3) 375 (43.4) 0.007 (χ2) 
 Nonagricultural manual labor 82 19 (13.3) 63 (7.3) 
 Health and public sector 86 14 (9.8) 72 (8.3) 
 Commerce 49 3 (2.1) 46 (5.3) 
 Other 328 33 (23.1) 295 (34.1) 
 No answer 15 2 (1.4) 13 (1.5) 

 

Comorbidities 
 Yes 247 28 (19.6) 219 (25.3) 0.199 (χ2) 
 No 739 110 (76.9) 629 (72.8) 
 No answer 21 5 (3.5) 16 (1.9) 

 

No. Culicoides midge bites/day 
 >50 382 47 (32.9) 335 (38.8) 0.440 (Mann-Whitney U) 
 10–49 345 51 (35.7) 294 (34.0) 
 <10 208 33 (23.1) 175 (20.3) 
 Rare/never 47 4 (2.8) 43 (5.0) 
 No answer 25 8 (5.6) 17 (2.0) 

 

Everyday life impacted by skin condition 
 A lot 55 3 (2.1) 52 (6.0) 0.410 (Mann-Whitney U) 
 Sometimes 116 12 (8.4) 104 (12.0) 
 Rarely 181 23 (16.1) 158 (18.3) 
 Never 330 25 (17.5) 305 (35.3) 
 No answer 325 80 (55.9) 245 (28.4) 

 

History of helminth infection within 1 y 
 No 941 130 (90.9) 811 (93.9) 0.509 (χ2) 
 Yes 43 8 (5.6) 35 (4.1) 
 No answer 23 5 (3.5) 18 (2.1) 

 

Anthelminthic treatment intake within 1 y 
 No 906 124 (86.7) 782 (90.5) 0.219 (χ2) 
 Yes 77 15 (10.5) 62 (7.2) 
 No answer 24 4 (2.8) 20 (2.3) 

 

Recent travel within 1 y 
 Yes 718 96 (67.1) 622 (72.0) 0.377 (χ2) 
 No 273 43 (30.1) 230 (26.6) 
 No answer 17 4 (2.8) 13 (1.5) 

 

Presence of animals inside the habitation 
 Yes 813 98 (68.5) 715 (82.8) <0.001 (χ2) 
 No 176 42 (29.4) 134 (15.5) 
 No answer 18 3 (2.1) 15 (1.7) 

 

Filaria-related ocular symptoms 
 Yes 322 41 (28.7) 281 (32.5) 0.313 (χ2) 
 No 650 100 (69.9) 550 (63.7) 
 No answer 35 2 (1.4) 33 (3.8) 

 

Housing score 
 4 133 5 (3.5) 128 (14.8) 0.011 (Mann-Whitney U) 
 3 127 10 (7.0) 117 (13.5) 
 2 249 23 (16.1) 226 (26.2) 
 1 132 21 (14.7) 111 (12.8) 
 0 53 4 (2.8) 49 (5.7) 
 No answer 313 80 (55.9) 233 (27.0) 

 

*Bold p values indicate statistical significance (p<0.05). qPCR, quantitative PCR. 

 



RESEARCH

the general population (72/447 [16.2%]), although that 
difference did not reach statistical significance. Hous-
ing conditions were also associated with infection. 
Participants with lower housing scores, reflecting lim-
ited access to electricity, water, cement flooring, and 
sanitation, were more frequently infected (p = 0.0105), 
suggesting that improved infrastructure exerted a pro-
tective effect. Presence of animals inside the household 
had a protective effect against M. streptocerca infection; 
infected persons were less likely to report cohabitation 
with pets or domestic animals (p<0.0001). Other vari-
ables, including underlying conditions, travel history, 
recent antiparasitic treatment, and number of Culicoides  

midge bites reported per day, were not significantly 
associated with infection status.

Self-reported symptoms were examined for asso-
ciations with M. streptocerca infection (Table 3). Joint 
pain, subcutaneous nodules, urticaria, and stomach 
pain were more frequent in infected participants, 
whereas no differences in fatigue, rash, and headaches 
were noted. Eye symptoms were included as explor-
atory variables but did not differ by infection status.

Multivariable logistic regression identified 3 in-
dependent predictors (Table 4). Male sex remained 
strongly associated with infection (aOR 2.9 [95% 
CI 1.6–5.4]; p = 0.001). Housing score also retained  
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Figure 2. Geographic distribution of skin-dwelling filariae in central Gabon in study of molecular epidemiology of skin-dwelling filariae and 
risk factors for Mansonella streptocerca infection, Gabon. A) Overall filarial DNA prevalence; B) distribution of M. streptocerca nematodes; 
and C) distribution of O. volvulus nematodes, showing a focal hotspot around Sindara. Each circle represents 1 sampling area; size and 
color correspond to prevalence. Inset maps show locations of corresponding area in Gabon.

 
Table 2. Population characteristics and prevalence of filarial DNA in 1,007 scapular skin snips in study of molecular epidemiology of 
skin-dwelling filariae and risk factors for Mansonella streptocerca infection, Gabon* 

Category 

No. (%) participants 

Total 
Age, y 

18–34 35–50 51–62 >63 
Total 1,007 (100.0) 249 (24.7) 261 (25.9) 249 (24.7) 231 (22.9) 
Sex      
 F 489 (48.6) 111 (22.7) 125 (25.6) 129 (26.4) 120 (24.5) 
 M 507 (50.3) 137 (27.0) 136 (26.8) 120 (23.7) 111 (21.9) 
Setting      
 Rural 643 (63.9) 142 (22.1) 151 (23.5) 157 (24.4) 180 (28.0) 
 Semiurban 364 (36.1) 107 (29.4) 110 (30.2) 92 (25.3) 51 (14.0) 
Occupation      
 Agriculture and forestry 447 (44.4) 76 (17.0) 121 (27.1) 131 (29.3) 118 (26.4) 
 Nonagricultural manual labor 82 (8.1) 20 (24.4) 32 (39.0) 18 (22.0) 12 (14.6) 
 Health and public sector 86 (8.5) 14 (16.3) 23 (26.7) 25 (29.1) 24 (27.9) 
 Commerce 49 (4.9) 9 (18.4) 23 (46.9) 14 (28.6) 3 (6.1) 
 Other 328 (32.6) 130 (39.6) 61 (18.6) 61 (18.6) 74 (22.6) 
qPCR results      
 Pan-filaria qPCR positive 184 (18.3) 47 (25.5) 41 (22.3) 47 (25.5) 45 (24.5) 
 M. streptocerca qPCR positive 143 (14.2) 37 (25.9) 34 (23.8) 34 (23.8) 35 (24.5) 
 Loa loa qPCR positive 41 (4.1) 9 (22.0) 12 (29.3) 15 (36.6) 5 (12.2) 
 O. volvulus qPCR positive 34 (3.4) 11 (32.4) 4 (11.8) 10 (29.4) 7 (20.6) 
 M. perstans qPCR positive 3 (0.3) 1 (33.3) 0 1 (33.3) 1 (33.3) 
 Mansonella sp. “DEUX” qPCR positive 1 (0.1) 0 0 1 (100.0) 0 
 Co-infections, >2 species) 38 (3.8) 9 (23.7) 9 (23.7) 14 (36.8) 5 (13.2) 
*Totals may not sum to 100% due to missing or unknown responses, which are not displayed in the table. qPCR, quantitative PCR. 
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significance; higher scores indicated protection (aOR 
0.78 per unit increase [95% CI 0.61–0.98; p = 0.037). 
Urticaria frequency remained independently associ-
ated with infection (aOR 1.35 per category [95% CI 
1.10–1.76]; p = 0.009). Among occupational groups, 
only the assigned group of other occupations showed 
lower odds than agriculture, whereas we detected no 
significant sex–occupation interaction (p = 0.24). Be-
cause the group was highly heterogeneous and the 
overall occupation variable did not remain significant 
after adjustment, that finding is unlikely to represent 
a true occupational effect.

To explore those confounding patterns, we 
tested collinearity between key predictors. Strong 
associations between occupation and both rural/
urban residence (p<0.0001) and sex (p<0.0001) were 
demonstrated by χ2 tests of independence. Housing 
score was strongly correlated with place of residence 
(p<0.0001); poorer housing conditions were more 
common in rural areas. The small variation of hous-
ing scores by sex (p = 0.003) likely reflects differences 
in the sampling distribution between rural and semi-
urban households, rather than a true sex-related dif-
ference in housing conditions. Those results confirm 
that occupation and housing quality overlap strongly 
with structural demographic variables, which likely 
explains why occupation did not remain significant 

in the multivariable model. By contrast, housing re-
tained an independent effect, indicating that even 
within rural or semiurban settings, better housing in-
frastructure conferred some protection.

Discussion
This cross-sectional study shows that nearly 1 in 5 
adults in central Gabon carried skin filariae; M. strep-
tocerca nematodes dominated. Detected in 1 of 7 par-
ticipants, M. streptocerca nematodes accounted for 
most filarial infections in scapular skin snips. Prev-
alence was highly uneven, exceeding 70% in some 
rural villages but remaining low in semiurban sites. 
This heterogeneity is consistent with earlier studies 
conducted in Gabon and Uganda where prevalenc-
es ranged from 5% to 90% depending on the region 
(4; J. Chandenier, doctoral thesis, University of Paris 
VI, 1983). By contrast, O. volvulus nematodes were 
confined to an epidemiologic hotspot (Sindara). As 
expected, blood-dwelling filariae such as L. loa, M. 
perstans, and Mansonella sp. “DEUX” were rarely 
identified. Detection was probably caused by a small 
amount of blood contaminating the snip during skin 
sampling or unusual localization of L. loa nematodes 
in the skin (13). Those data update the scarce epide-
miologic information for skin-dwelling filaria for Ga-
bon (J. Chandenier, doctoral thesis).
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Table 3. Frequency of reported symptoms by infection status in study of molecular epidemiology of skin-dwelling filariae and risk 
factors for Mansonella streptocerca infection, Gabon* 

Symptoms Total 
No. (%) participants 

p value Ms+ 4 Ms+ 3 Ms+ 2 Ms+ 1 Ms– 4 Ms– 3 Ms– 2 Ms– 1 
Urticaria 976 57 (41) 211 (25.2) 17 (12.2) 150 (17.9) 15 (10.8) 106 (12.7) 50 (36) 370 (44.2) 0.003 
Fatigue or 
exhaustion 

971 40 (28.8) 160 (19.2) 20 (14.4) 203 (24.4) 17 (12.2) 142 (17.1) 62 (44.6) 327 (39.3) 0.727 

Cutaneous rash 971 32 (22.9) 117 (14.1) 7 (5) 113 (13.6) 16 (11.4) 97 (11.7) 85 (60.7) 504 (60.6) 0.396 
Headaches 978 48 (34.3) 152 (18.1) 14 (10) 226 (27) 26 (18.6) 180 (21.5) 52 (37.1) 280 (33.4) 0.266 
Stomach pain 971 32 (23) 85 (10.2) 12 (8.6) 116 (13.9) 22 (15.8) 171 (20.6) 73 (52.5) 460 (55.3) 0.018 
Joint pain 977 66 (47.5) 325 (38.8) 34 (24.5) 152 (18.1) 21 (15.1) 115 (13.7) 18 (12.9) 246 (29.4) <0.001 
Subcutaneous 
nodules 

947 23 (16.7) 46 (5.7) 48 (34.8) 128 (15.8) 4 (2.9) 45 (5.6) 63 (45.7) 590 (72.9) <0.001 

*Ms+, PCR-positive for M. streptocerca (n = 143); Ms–, PCR-negative for M. streptocerca (n = 864). Numbers 1–4 indicate frequency of symptoms: 
4, every day; 3, once a week; 2, once a month; 1, rarely/never. Bold p values indicate statistical significance (p<0.05). 

 

 
Table 4. Multivariate logistic regression analysis of potential risk factors associated with Mansonella streptocerca infection in study of 
molecular epidemiology of skin-dwelling filariae and risk factors for M. streptocerca infection, Gabon* 
Predictor Category (reference) Adjusted OR (95% CI) p value 
Sex Male (female) 2.86 (1.57–5.38) <0.001 
Occupation Nonagricultural manual labor (agriculture) 1.36 (0.59–3.00) 0.458 

Health/public (vs Agriculture) 1.31 (0.45–3.37) 0.599 
Commerce (agriculture) 0.81 (0.19–2.52) 0.747 

Other (agriculture) 0.41 (0.19–0.82) 0.014 
Housing score (0–4) Per 1-unit increase† 0.78 (0.61–0.98) 0.037 
Urticaria frequency (1–4) Per 1-category increase 1.39 (1.10–1.76) 0.009 
Stomach pain (1–4) Per 1-category increase 0.8 (0.58–1.12) 0.195 
Joint pain (1–4) Per 1-category increase 1.03 (0.82–1.31) 0.780 
Subcutaneous nodules (1–4) Per 1-category increase 1.07 (0.76–1.52) 0.693 
Animals in the household Yes (no) 1.16 (0.49–2.74) 0.730 
*OR, odds ratio. 
†For housing, adjusted OR <1 indicates that higher housing scores are protective (lower odds of infection). Bold p values indicate statistical significance 
(p < 0.05).  
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The predominance of M. streptocerca nematodes 
confirms the species’ central role in filarial infections 
in rainforest regions of Central Africa (3,4). Infection 
prevalence was clearly influenced by setting, being 
almost 4 times higher in rural communities than in 
semiurban communities. Rural residents engage 
more often in forest-based activities and live in less-
protected housing, conditions favoring exposure to 
Culicoides midges. Semiurban environments, by con-
trast, may reduce risk through fewer vector breeding 
sites. The C. grahamii midge is the only species so far 
confirmed as a vector (25).

The Sindara cluster of O. volvulus nematodes illus-
trates the focal nature of onchocerciasis transmission, 
linked to the breeding ecology of Simulium black flies 
(26). Outside that hotspot, prevalence was negligible, 
highlighting the need for updated fine-scale mapping 
in Gabon, where only a few recent studies have ad-
dressed the epidemiology of onchocerciasis (21,27). 
The focal detection of O. volvulus nematodes is con-
sistent with the heterogeneous distribution of oncho-
cerciasis previously reported in Gabon (21; J. Chande-
nier, doctoral thesis). Although O. volvulus nematodes 
were detected in a highly focal pattern restricted to 
the Sindara region, their presence has programmatic 
implications. One in 5 persons in Sindara carried O. 
volvulus nematodes, and even a limited cluster of on-
chocerciasis represents a substantial reservoir. Given 
the ongoing efforts of the WHO toward onchocer-
ciasis elimination in Africa, such foci could threaten 
progress, especially if infected persons travel to areas 
where transmission is already under control (28,29).

Male sex emerged as one of the strongest predic-
tors of M. streptocerca infection; men were >3 times as 
likely to be infected. This pattern is consistent with 
reports for other filarial parasites (30,31). Occupa-
tional exposure, outdoor activity, and less frequent 
use of protective clothing could explain some of the 
difference in filarial species prevalences between men 
and women (32,33), although biologic susceptibil-
ity has also been proposed (16,34). Occupation itself 
appeared associated in univariate analysis but was 
strongly correlated with sex and rural residence.

Housing quality was also independently pro-
tective. Higher housing scores, reflecting better in-
frastructure such as cement flooring, electricity, and 
improved sanitation, were linked to lower infection 
risk. Although housing remained independently as-
sociated with infection, the underlying mechanism 
is unclear. Better housing might reduce exposure to 
biting vectors, but housing quality might also reflect 
differences in the surrounding environment that in-
fluence vector abundance and transmission risk.

We observed an unexpected protective associa-
tion between M. streptocerca infection and the pres-
ence of animals inside the household. That associa-
tion might reflect a dilution effect if local Culicoides 
midges also feed on animals, although unmeasured 
confounding factors cannot be excluded. This finding 
should be interpreted with caution.

The absence of an association between self-re-
ported number of Culicoides midge bites and infec-
tion status should also be interpreted cautiously. This 
variable might have been difficult for participants to 
estimate reliably in a setting with frequent biting ex-
posure. In addition, Culicoides midge bites are non-
specific and might have been difficult to distinguish 
from mosquito bites or other pruritic skin conditions.

Clinical manifestations were limited, but urti-
caria remained significantly associated with infection 
after adjustment. That finding echoes previous de-
scriptions of dermatological involvement (3,4). Other 
symptoms, including joint pain, nodules, and stom-
ach pain, did not remain predictive.

We detected Wolbachia DNA in approximately 
one quarter of M. streptocerca monoinfected samples. 
Those endosymbionts are essential for the survival 
and reproduction of many filarial species, includ-
ing Wuchereria bancrofti, O. volvulus, and Manson-
ella species (M. perstans, M. ozzardi, Mansonella sp. 
“DEUX”), but not L. loa (35). Low Wolbachia abun-
dance in microfilariae is common; thus, samples 
with low microfilarial densities might approach the 
PCR detection limit, as reported previously (19,24). 
This finding suggests the presence of Wolbachia in M. 
streptocerca nematodes and the therapeutic relevance 
of doxycycline, which has proven effective in other 
filarial infections (36–38).

The first limitation of this study is that scapular 
skin snips might underestimate O. volvulus nema-
tode presence compared with iliac crest samples 
(39). The cross-sectional design cannot capture tem-
poral trends, and symptom data were self-reported 
because no medical examination was conducted as 
part of this study. In addition, convenience sampling 
without random selection might have introduced se-
lection bias and limits the generalizability of our find-
ings. M. rodhaini nematodes, previously reported in 
the region (J. Chandenier, doctoral thesis), were not 
included in our molecular assays because of lack of 
DNA sequence data. Last, because our study did not 
include children or adolescents, we could not assess 
early-life exposure. However, the similar prevalence 
across adult age groups suggests that infection is like-
ly acquired in childhood or adolescence and persists 
over time.
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In conclusion, our results confirm that M. strep-
tocerca nematodes are highly prevalent but neglected 
in Gabon, and risk for infection is shaped by eco-
logic and socioeconomic factors. The protective role 
of better housing highlights the value of structural 
improvements within integrated control strategies. 
Urticaria was the only consistent clinical correlate, 
warranting further study. The focal detection of O. 
volvulus nematodes underlines the need for updated 
surveillance and entomological studies to be in line 
with the WHO goals on onchocerciasis control and 
elimination. Because most medical consultations in 
Gabon concern infectious diseases (40), addressing 
M. streptocerca and O. volvulus nematodes within na-
tional control frameworks could reduce their hidden 
burden. Operational research is needed to evaluate 
feasible interventions and guide integration into the 
broader skin-NTD agenda (41). Future work should 
clarify the clinical significance of M. streptocerca nem-
atodes, particularly dermatologic and immunomod-
ulatory effects, and their vectors and transmission 
hotspots.
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Solid organ transplantations are lifesaving; however, 
they can pose major risks for illness and death from 

transplant-related complications, including infection 
with the parasite Strongyloides stercoralis. S. stercoralis is 
a parasitic nematode endemic in tropical and subtropi-
cal regions, including parts of the southeastern United 
States, and is estimated to affect 300–600 million persons 
worldwide (1–3). Risk factors for acquiring Strongyloides 
infection include living in or traveling to endemic re-
gions, activities involving direct skin contact with soil, 
living in long-term care or correctional facilities, and hu-
man T-lymphotropic virus 1 (HTLV-1) infection (1,4,5).

S. stercoralis nematodes have a unique autoinfec-
tion cycle that enables them to establish asymptomatic,  

chronic infections even in immunocompetent persons 
(1,4–6). Immunocompromised persons, including solid 
organ recipients, have increased risk for severe disease 
because of infection reactivation or donor-derived infec-
tion (6,7). Severe disease is characterized by hyperinfec-
tion syndrome or disseminated Strongyloides infection, 
or both, and can have high mortality rates that reach up 
to 90% (8,9). Ivermectin is the treatment of choice for 
strongyloidiasis and has high efficacy, achieving cure 
rates of up to 96% in clinical trials (6,10–13).

To reduce the risks associated with donor-derived 
infections, the Organ Procurement and Transplant 
Network (OPTN) in the United States added S. ster-
coralis screening to policy 2.9, Required Deceased Do-
nor Infectious Disease Testing, as part of the initiative 
to improve deceased donor evaluation for endemic 
diseases (14). This policy requires organ procurement 
organizations (OPO) to obtain serologic testing for 
S. stercoralis infection as part of the deceased donor 
evaluation process. The policy was approved in June 
2023 and implemented in October 2025; testing all 
donors in the interim was highly recommended (15). 
When new donor testing information indicating a  
positive test becomes available, the OPO must  
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Strongyloides stercoralis is a parasitic nematode endemic 
in tropical and subtropical regions, including parts of the 
southeastern United States, that can be transmitted via 
organ donation. As of October 2025, the Organ Procure-
ment and Transplant Network implemented new policy 
for screening in deceased US organ donors to reduce 
the risk for donor-derived Strongyloides infection. To as-
sess the potential effect of policy changes, we reviewed 
investigations of suspected transplant-related strongyloi-
diasis in the United States conducted by the Centers for  

Disease Control and Prevention and partners for solid or-
gan transplants occurring during 2012–2024. During that 
period, 21 proven donor-derived strongyloidiasis cases 
originated from 15 unscreened donors. Of donors who 
were screened, 31 seropositive donors resulted in iver-
mectin prophylaxis for 77 recipients, none of whom had 
disease develop. Our findings support the effectiveness 
of universal organ donor screening and prophylactic iver-
mectin treatment of recipients to prevent donor-derived 
Strongyloides infection.
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notify the transplant centers. When a potential donor-
derived disease transmission event is identified in a 
recipient, the transplant center must notify the OPO. 
The OPO then reports the suspected donor-derived 
infection case to OPTN in accordance with OPTN pol-
icy 15. Potential donor-derived transmission events 
reported to OPTN are reviewed by the ad hoc Disease 
Transmission Advisory Committee (DTAC) (16,17). 
The Centers for Disease Control and Prevention 
(CDC), as a member of DTAC, works with partners 
to routinely investigate pathogens of special interest, 
including S. stercoralis, as a public health response to 
ensure the ongoing safety of organ transplantation.

To assess the potential effect of implementing 
OPTN policy 2.9, we reviewed CDC-led investigations 
of transplant-related strongyloidiasis in the United 
States from 2012–2024. In addition, cases of confirmed 
donor-derived strongyloidiasis from 2023 and 2024 are 
described to emphasize the critical clinical features of 
S. stercoralis infection in organ recipients.

Methods

Data Compilation for Cases, 2012–2024
We extracted and reviewed records of suspected trans-
plant-related strongyloidiasis cases previously collect-
ed by CDC during routine public health investigations 
for information related to transplant procedures and 
infection status of organ donor recipients. Data sourc-
es for descriptive analysis included case summary 
reports, donor and recipient demographic and clini-
cal information as provided by OPOs and transplant 
hospitals, and laboratory test results collected during 
CDC-investigated cases of transplant-related strongy-
loidiasis. Donor information included age, sex, birth-
place, exposure risks, Strongyloides serology testing re-
sults, and organs transplanted. Recipient information 
included time of symptom onset, time of diagnosis, 
testing results, exposure risks, and outcome at follow-
up. We extracted the data by using a standardized Mi-
crosoft Excel (Microsoft, https://www.microsoft.com) 
data abstraction template and compiled the data in a 
database for descriptive analysis.

Data Analysis
We reviewed the database of CDC-led case investi-
gations from 2012–2024 to assess the potential effect 
of OPTN policy 2.9 by examining donor screening 
practices, donor risk characteristics, and recipient 
characteristics and outcomes to evaluate how uni-
versal donor screening could address gaps in iden-
tifying infected donors. We analyzed the data by 
using Microsoft Excel to generate frequency counts 

and proportions of donor and recipient variables. 
Variables analyzed include the year of transplant; 
donor age, sex, and birthplace; donor and recipient 
pretransplant and posttransplant testing results; the 
number of recipients and type of organ transplant-
ed; and the recipient’s clinical course and outcome 
(Appendix Table 1, http://wwwnc.cdc.gov/EID/
article/32/7/26-0747-App1.xlsx). We used the clini-
cal, laboratory, and epidemiologic data to assign a 
case determination to each organ recipient accord-
ing to our case definitions (Figure; Appendix Table 
2). We applied this approach to maintain consistency 
in classification. Case determinations were assigned 
by 1 independent reviewer and reassessed by 2 other 
independent reviewers by using predefined criteria 
(Figure; Appendix Table 2). We resolved discrepan-
cies by consensus. The case definitions were proven, 
probable, possible, inconclusive, excluded, interven-
tion without documented transmission, and no in-
tervention no disease transmission (Appendix Table 
2). We excluded investigations that did not have 
sufficient evidence of S. stercoralis infection in the 
donor and recipients from analysis. For analytical 
purposes, we classified donors as originating from 
countries considered endemic for S. stercoralis nem-
atodes on the basis of CDC and the World Health 
Organization epidemiologic descriptions of regions 
with documented sustained transmission.

We describe investigations assigned as proven 
donor-derived infections in 2023 and 2024 for each 
donor and transplant-related strongyloidiasis recipi-
ent, corresponding to the period after policy approval 
and before full implementation across OPOs. Descrip-
tions included donor and recipient data such as de-
mographics, exposure risk factors, S. stercoralis and 
other diagnostic testing, treatment, and clinical course 
and outcomes that were previously collected as rou-
tine reporting for transplant procedures. This activity 
was reviewed by CDC, deemed not research, and was 
conducted consistent with applicable federal law and 
CDC policy (45 CFR part 46.102(l)(2), 21 CFR part 56; 
42 USC §241(d); 5 USC §552a; 44 USC §3501 et seq.).

Results

Investigations from 2012–2024
During 2012–2024, CDC led 72 investigations of po-
tential transplant-related strongyloidiasis involving 72 
donors and 227 solid organ recipients. For this report, 
we excluded 8 investigations from analysis for lack 
of supportive evidence of S. stercoralis infection in the 
donor and recipients. The remaining 64 investigations  
available for analysis involved 64 donors (63 deceased 
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and 1 living) and 197 recipients (Table); Appendix Ta-
ble 1). Among the donors, 69% (n = 44) were male and 
31% (n = 20) were female. Donors were 13–67 (median 
46) years of age. Of donors, 53% (n = 34) were from 
countries other than the United States with document-
ed endemic transmission of S. stercoralis nematodes, 
14% (n = 9) of donors were born in the southeastern 
United States, 17% (n = 11) of donors were born in 
other parts of the mainland United States, 9% (n = 6) 
of donors were from Puerto Rico, and 6% (n = 4) of 
donors had an unknown country of origin.

Specimens were submitted for serologic testing 
on 83% (n = 60) of the 72 donors. Of those, 53% (n = 
32) were tested by the OPO referral laboratory at the 
time of organ procurement. Another 47% (n = 28) of 
specimens were tested by the OPO referral laboratory 
or CDC after transplant in response to reported re-
cipient infection. For the remaining 4 of 64 investiga-
tions, donor specimens were not tested. Three of the 4 
donor specimens were not tested because confirmato-
ry serologic testing was unavailable at that time and 
because the samples did not meet the storage time re-
quirements for testing at the OPO’s contracted labo-
ratory. For donor specimen 4, the OPO determined 
the recipient’s infection was because of reactivation 

rather than donor-derived transmission and therefore 
did not test or send a sample to CDC for testing.

The investigations included 197 recipients who 
received solid organ transplants with a total of 212 
organs transplanted (Table); Appendix Table 1). 
Among the recipients, 183 received a single organ 
and 14 received multiple organs during transplanta-
tion. The most frequently transplanted organs were 
the kidneys (55%, n = 108) and liver (24%, n = 48). 
A heart was transplanted in 24 patients (12% of to-
tal recipients), 21 as a single organ and 3 as part of 
a multiorgan transplant. Of the heart transplant re-
cipients, 7 acquired donor-derived strongyloidiasis 
and 2 tested seropositive for S. stercoralis infection on 
serum samples collected before transplant, consistent 
with pretransplant infection, and subsequently expe-
rienced reactivation posttransplant. The remaining 
heart recipient outcomes are provided (Table 1). Less 
frequently transplanted organs include lungs and 
other multiorgan combinations.

On the basis of the case determination algorithm 
(Figure), 11% (n = 22) of cases met the definition of 
proven transmission, characterized by confirmed S. 
stercoralis infection in both the donor and >1 recipient,  
with documented absence of pretransplant infection 

Figure. Case determination algorithm used for analysis in the Centers for Disease Control and Prevention investigations of 
potential donor-derived strongyloidiasis, United States, 2012–2024. Each investigation begins with a trigger, either recipient positive 
posttransplant (1) or donor positive (2), and follows the algorithm to a designated case determination based on clinical, laboratory, and 
epidemiologic data and our case definitions. Determination categories include proven, excluded, NINDT, IWDT, probable, possible, and 
inconclusive cases. IWDT, intervention without disease transmission; NINDT, no intervention and no disease transmission.

S. stercoralis Infections in Organ Recipients
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in the recipient. Three (2%) cases were classified as 
probable transmission because evidence strongly 
suggested donor origin but not all criteria for proven 
transmission were fulfilled. Possible transmission 
was identified in 1 (0.5%) case; transmission was sus-
pected but the available evidence was insufficient to 
meet the criteria for proven or probable. Among the 
26 proven, probable, and possible cases, the most fre-
quently transplanted organ was the kidney (46%, n 
= 12 cases), followed by the heart (27%, n = 7 cases). 
We excluded 10 (5%) cases on the basis of evidence 
indicating the recipient had reactivated chronic in-
fection acquired before transplant or new infection 
acquired posttransplant. The organs most frequently 
transplanted in the excluded cases were the lungs 
(40%, n = 4 cases). In 63% (n = 125) of cases, recipi-
ents received treatment posttransplant and had no 
observed transmission; we categorized those cases as 
intervention without disease transmission. In 9% (n = 
17) of cases, we could not determine the strongyloi-
diasis cause or we assigned the case to another clas-
sification; we designated those cases as inconclusive. 
Of the inconclusive cases, kidneys (65%, n = 11 cases) 
were the most frequently transplanted organs. The re-
maining 10% (n = 19) of cases received no prophylaxis 
and no transmission was documented; we assigned 
those cases no intervention no disease transmission 
status. Complications related to strongyloidiasis re-
sulted in the death of 5% (n = 10) of recipients.

In the proven and probable investigations, 15 do-
nors were from non-US countries and 4 donors were 
from the United States and Puerto Rico. Among the 
25 affected recipients, 32% (n = 8) died because of 
complications related to strongyloidiasis. Since the 
approval of policy 2.9 in 2023, there were 5 proven 
cases and 1 probable case of donor-derived infections 
involving 5 unscreened donors.

Proven Donor-Derived Public Health  
Investigations, 2023–2024
The following select, proven investigations occurred 
after June 26, 2023, when OPTN approved policy 2.9, 
emphasizing ongoing gaps in screening protocols 
and the need to implement universal donor screen-
ing across all OPOs to prevent future donor-derived 
strongyloidiasis. Transplant case identifiers corre-
spond to those listed in Appendix Table 1.

Transplant Case Identification 2023-3
The donor was a 33-year-old man born in Guatema-
la. The OPO performed S. stercoralis serology at the 
time of death, and results were reported positive 3 
days later. The transplant centers of all 4 recipients 

Table. Summary of investigations of potential donor-derived 
strongyloidiasis, United States, 2012–2024* 
Donor and recipient information Total 
Donors 64 (100) 
 Median age (range), y 46 (13–67) 
 Sex  
  M 44 (69) 
  F 20 (31) 
 Birthplace  
  International 34 (52) 
  United States 26 (41) 
  Unknown 4 (6) 
 Serologic testing  
  Yes 60 (94) 
  No 4 (6) 
 Total organs transplanted 212 
Recipients 197 (100) 
 Organs per recipient  
  1 183 (93) 
  2 12 (6) 
  3 1 (0.5) 
  4 1 (0.5) 
 Recipients by organ types transplanted  
  Right kidney 50 (25) 
  Left kidney 45 (23) 
  Liver 44 (22) 
  Heart 21 (11) 
  Lung, unspecified 7 (4) 
  Right lung 6 (3) 
  Left lung 6 (3) 
  Kidney, unspecified 4 (2) 
  Bilateral lung 4 (2) 
  Left kidney and pancreas 3 (1.5) 
  Liver and left kidney 2 (1) 
  Kidney and pancreas 1 (0.5) 
  Heart and left kidney 1 (0.5) 
  Heart and lung 1 (0.5) 
  Heart, liver, and left kidney 1 (0.5) 
  Liver, left kidney, pancreas, and bowel 1 (0.5) 
 Posttransplant strongyloidiasis diagnosis  
  Positive 43 (22) 
  Negative 31 (16) 
  Unknown 123 (62) 
 Case determination  
  Proven 22 (11) 
  Probable 3 (1.5) 
  Possible 1 (0.5) 
  Excluded 10 (5) 
  No intervention, no disease transmission 19 (10) 
  Intervention without disease transmission 125 (64) 
  Inconclusive 17 (9) 
 Outcome at follow-up  
  Alive 167 (85) 
  Deceased 15 (8) 
  Unknown 15 (8) 
 Heart transplant recipients  
  Recipients 24 
  Single-organ  21 
  Multi-organ  3 
 Case determination among heart transplant recipients 
  Excluded, reactivation 2 
  Proven 7 
  Inconclusive 3 
  Intervention without disease transmission 10 
  No intervention, no disease transmission 1 
  Excluded, unknown 1 
*Values are no. (%) except as indicated. Heart transplant recipients are 
presented separately for descriptive purposes and were not analyzed as a 
distinct risk group. 
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were notified. Of the 4 recipients, the liver, right kid-
ney, and left kidney recipients received prophylactic 
ivermectin; none reported disease development. The 
heart recipient did not receive prophylaxis. At 11 
weeks posttransplant, the heart recipient reported a 
2-week history of decreased appetite, abdominal pain, 
bloating, and diarrhea and was hospitalized. Fecal 
ova and parasite examination was positive for S. ster-
coralis infection. Upon receipt of the positive result, 
the heart recipient was administered ivermectin. De-
spite medical intervention, the recipient’s condition 
declined, leading to death at 87 days posttransplant. 
The recipient’s pretransplant serology was negative 
for S. stercoralis infection, supporting the absence of 
detectable infection before transplantation. The re-
cipient was born in China and arrived in the United 
States 4 years before the heart transplant. Although 
the donor screening result was communicated 1 day 
posttransplant, the message did not reach the ap-
propriate members of the heart transplant team, and 
prophylactic ivermectin was not administered. Cor-
rective measures have been established to improve 
communication and follow-up in the future.

Transplant Case Identification 2024-1
The donor was a 52-year-old woman originally from 
Guatemala. She traveled to Guatemala most recently in 
2022 and had no other travel history. She was not tested 
for S. stercoralis infection before the time of organ trans-
plant in recipients. A serum sample from the donor 
was submitted for testing after the heart and left kid-
ney recipients’ diagnosis of strongyloidiasis. Results of 
S. stercoralis IgG ELISA testing were positive at both the 
OPO referral laboratory and CDC. Organs transplant-
ed were heart, right and left kidneys, lung, and liver.

The heart recipient was born in OPTN region 1 
(Northeast United States, New England region) and 
resided in region 10 (Midwest United States, Great 
Lakes region) at the time of transplant. The recipi-
ent traveled to a state in region 11 (Southeast United 
States, southern Atlantic region) and had no other re-
cent travel or exposure risks. The result of a S. sterco-
ralis antibody test in the heart recipient was negative 
pretransplant. On day 62 posttransplant, the heart re-
cipient complained of worsening pain, nausea, and di-
arrhea. Intestinal biopsy on day 69 posttransplant and 
skin biopsies on day 75 posttransplant revealed acute 
duodenitis with S. stercoralis organisms and cutaneous 
strongyloidiasis. Serology and fecal ova and parasite 
microscopic examination were positive for S. stercoralis 
infection on day 75 posttransplant. Bronchoscopy with 
bronchoalveolar lavage (BAL) demonstrated diffuse 
alveolar hemorrhage, and Strongyloides larvae were 

observed in BAL cultures. The recipient was treated 
for disseminated strongyloidiasis with oral ivermectin 
before transitioning to subcutaneous ivermectin. Other 
conditions included vancomycin-resistant Enterococcus 
bacteremia, pneumonia, and suspected meningitis. As 
of 89 days posttransplant, the recipient remained in the 
intensive care unit requiring ventilator support. Ab-
normal mental status, encephalopathy, and delirium 
were observed. At follow-up 118 days posttransplant, 
the recipient continued to be hospitalized and was 
slowly improving.

The left kidney recipient was a resident of OPTN 
region 10, had no recent travel history and had pre-
transplant serology negative for Strongyloides antibod-
ies. On day 67 posttransplant, the recipient reported 
complaints of intractable vomiting and nausea. Stron-
gyloides larvae were observed in sputum cultures and 
fecal samples were positive for S. stercoralis larvae. 
The recipient was treated with oral albendazole for 
27 days and oral ivermectin for 2 days, then subcu-
taneous ivermectin for 25 days. Complications expe-
rienced by the recipient included respiratory failure, 
septic shock, encephalopathy, bacteremia, and fluid 
accumulation around the transplanted kidney. At 
follow-up 97 days posttransplant, the recipient re-
mained in the ICU.

Pretransplant and posttransplant serum samples 
from the right kidney and lung recipients were not 
tested, and both recipients were given ivermectin. 
The liver recipient’s pretransplant and posttransplant 
serology were negative, and the recipient was also 
treated with ivermectin.

Transplant Case Identification 2024-2
The donor was a 33-year-old Hispanic man who was 
born in and resided in Honduras until 17 years of age, 
when he moved to the United States. Prior to organ 
donation, he was not screened for S. stercoralis infec-
tion. After notification of strongyloidiasis in the heart 
recipient, the archived donor serum was tested by 
the OPO referral laboratory with a positive result for 
Strongyloides antibodies and subsequently tested neg-
ative at CDC. This discordance is likely attributable 
to differences in assay methodologies, antigens used, 
and assay performance. Donor organs transplanted 
include heart, right and left kidneys, and liver.

The heart recipient was from OPTN region 9 
(Northeast United Sates, including New York and 
western Vermont), did not have international travel or 
exposure risk for S. stercoralis infection, and had serum 
samples that were negative when tested pretransplant. 
At 161 days posttransplant, the heart recipient reported  
complaints of abdominal pain, nausea, and weight 
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loss. Clinical course was complicated by diffuse pul-
monary disease characterized by extensive nodular 
and reticulonodular opacities, pulmonary hemor-
rhage, and multi–organ system involvement, includ-
ing renal failure and anemia requiring blood trans-
fusions. The recipient was treated with antimicrobial 
drugs and steroids for possible Pneumocystis pneu-
monia. A commercial metagenomic molecular test 
identified S. stercoralis DNA in plasma, which was 
confirmed by identification of Strongyloides larvae in 
a BAL sample. Treatment with oral ivermectin and 
albendazole was initiated 171 days posttransplant, 
and the patient was transitioned to subcutaneous 
ivermectin. After initiation of ivermectin therapy, the 
heart recipient experienced cerebral edema and poor 
neurologic function and was placed on veno-venous 
extracorporeal membrane oxygenation and continu-
ous renal replacement therapy because of worsening 
clinical status. At 274 days posttransplant, the recipi-
ent had a tracheostomy, remained on continuous re-
nal replacement therapy, regained consciousness, 
and could communicate. 

Pretransplant serum from the left and right kid-
ney recipients could not be tested, and posttransplant 
serology was negative. Both recipients received iver-
mectin. The liver recipient died from causes unrelated 
to strongyloidiasis and could not be tested.

Discussion
Donor-derived infections are a rare but serious com-
plication of solid organ transplantation (17–19). Para-
sitic infections, particularly with S. stercoralis, can be 
fatal in recipients, often because of delayed diagnosis 
(2,8,17). To reduce risk, professional society guide-
lines have recommended targeted screening of de-
ceased donors on the basis of epidemiologic risk fac-
tors such as country of origin (2,8,20,21). However, 
adherence to screening protocols for S. stercoralis in-
fection in organ donors remained suboptimal. In 2016, 
only 10% of OPOs reported screening donors on the 
basis of risk factors, and by 2019, only 24% had ad-
opted either targeted or universal screening protocols 
(22,23). In the cases investigated (Appendix Table 1), 
50% donors were not screened before transplant. Of 
those, 94% had epidemiologic risk factors, and 40% 
of donors transmitted S. stercoralis infection to 18 re-
cipients, leading to 3 strongyloidiasis-related deaths.

More recently, the OPTN added universal S. 
stercoralis screening to policy 2.9 (14). Implementing 
universal screening, which involves testing all do-
nors regardless of epidemiologic risk, could reduce 
variability in the application of screening guidelines. 
Testing all donors would also address the limitations 

of targeted screening, which might miss donors with 
unrecognized risk, and help prevent severe disease 
that is difficult to treat. In the time between policy 2.9 
approval and implementation, donor-derived Stron-
gyloides infections continued to occur, with 2 investi-
gations involving donors from endemic regions who 
were not screened at the time of organ procurement. 
In both cases, multiple recipients had serious compli-
cations of hyperinfection and disseminated disease, 
including respiratory failure, sepsis, encephalopathy, 
and prolonged ICU stays.

In our investigations, 9 donors and 4 recipients 
were positive for S. stercoralis infection and lacked 
international travel history, suggesting S. stercoralis 
infection was acquired in the United States (Appen-
dix Table 1). S. stercoralis nematodes have been docu-
mented in parts of the Appalachian region since the 
1940s and more recently in several other US states 
(24–31). However, S. stercoralis infection is not nation-
ally notifiable or reportable in any state, and current 
comprehensive national data remain scarce (31,32). 
Therefore, the true prevalence and geographic dis-
tribution are unknown, complicating accurate risk 
assessment and limiting the feasibility of targeted 
screening strategies. The 9 donors described here 
lived in US regions historically found to have Stron-
gyloides transmission or had identifiable risk factors 
such as incarceration, communal living, or occupa-
tional exposure, and some had history of both US re-
gion residence and other risk factors. Donor histories 
might have been incomplete and lacked documen-
tation of exposure risk factors and therefore donor 
screening was not undertaken (19,33). Screening all 
donors, even those with unrecognized risks, would 
help prevent donor-derived infection and identify 
potential donors who might have acquired S. sterco-
ralis infection in the United States.

Screening for S. stercoralis infection enables early 
identification of seropositive donors. Organs from se-
ropositive donors have been successfully transplanted 
without adverse outcomes when recipients received 
prophylactic treatment (19,34–36). Although serologic 
tests might produce false positives in a low prevalence 
population, this should not preclude safe organ use 
(2,37). Treating recipients with ivermectin is a well-tol-
erated and effective low-risk intervention (6,15,38,39). 
Our assessment identified 31 of 32 screened donors 
who were seropositive, prompting prophylactic iver-
mectin treatment in 77 recipients. No disease was re-
ported in those recipients at follow-up. The success of 
universal screening is contingent on timely and accu-
rate communication of positive results. In 3 investiga-
tions with a positive donor, communication errors led 
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to 4 recipients not receiving prophylactic ivermectin, 
resulting in deaths attributable to strongyloidiasis. In 
contrast, other recipients from the same donors were 
treated after donor screening and remained disease-
free, suggesting that screening might have prevented 
donor-derived strongyloidiasis in these recipients. The 
recipient outcomes observed emphasize the impor-
tance of donor screening to identify seropositive do-
nors, timely effective communication of results, and 
early ivermectin treatment.

The first limitation of our study is that the ret-
rospective design of the analysis is limited by the 
availability and accuracy of historical records. Do-
nor and recipient risk factors, travel histories, and 
testing results might have been incompletely docu-
mented. Those factors might have affected the abil-
ity to definitively assign appropriate case determi-
nation. Second, the scope of this report is limited to 
CDC-led investigations and might not represent all 
donor-derived strongyloidiasis cases in the United 
States from 2012–2024. Third, serology methods 
used for donor screening, although valuable, have 
inherent limitations. Sensitivity and specificity of 
commonly used serologic tests can vary by assay 
and reference standard. Reported sensitivities range 
approximately from 70% to 95%, whereas specifici-
ties are generally high, ranging from ≈90% to 99% 
(40–42). False positives can occur in low prevalence 
populations or from cross reactivity with other nem-
atodes, whereas false negatives are possible in immu-
nocompromised persons and hemodiluted samples. 
Last, our analysis primarily includes investigations 
conducted before the approval of policy 2.9, which 
limits our ability to determine the direct measurable 
effect of the policy on donor screening practices and 
recipient outcomes; however, the 2 cases described 
from 2023 and 2024 highlight the importance of  
screening donors.

In conclusion, universal screening of all donors, 
regardless of risk, is expected to reduce donor-de-
rived strongyloidiasis in recipients by providing early 
detection, timely preventative intervention, and help 
reduce severe disease that is difficult to treat. Future 
comparative analyses should be performed to evalu-
ate the effect of S. stercoralis screening implementation 
across OPOs prepolicy and postpolicy implementa-
tion and associated recipient outcomes. Our analysis 
confirms support of universal S. stercoralis screening 
of US solid organ donors. 
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The genus Cinchona, family Rubiaceae, comprises 
23 tree species (1). Together, they are called quina, 

15-meter-high trees native to South America whose 
bark, branches, and leaves hold an intense bitter taste 
(2). Authors such as Espinosa and Cobo have con-
fused the quina trees of the Cinchona genus with the 
quina-quina tree of the genus Myroxylon (3).

Cinchona’s propensity to treat malaria came at 
an opportune time, when much of the population 
of southern Europe was experiencing this disease, 
during the 17th Century. Classified in 1742 by Carl 
Linnaeus, Cinchona’s processed bark was known as 
Peruvian, Jesuits’, countess’, Loja’s, cardinal’s, or 
Lugo’s powders and also as Peruvian antitertian and 
bark of fevers (1).

Cinchona bark was discovered in the 1600s in the 
Viceroyalty of Peru as a treatment that could be used 
to treat fevers in general. In 1820, Pierre-Joseph Pel-
letier and Joseph Bienaimé Caventou managed to iso-
late 2 alkaloids in the Cinchona bark, to which they 

attributed the febrifuge and antiparasitic properties 
of the substance, calling them quinine and cinconine 
(4). However, quinine is the main active principle and 
alkaloid in Cinchona for treating malaria.

Later, in 1889, Charles Louis Alphonse Laveran 
(winner of the Nobel Prize in Physiology or Medi-
cine in 1907) discovered the Plasmodium parasite, the 
causative agent of malaria, and in 1897, Ronald Ross 
discovered the Anopheles mosquito, the vector that 
transmits Plasmodium. In 1902, Robert Koch imple-
mented massive chemoprophylaxis in New Guinea, 
emphasizing malaria-control measures, which were 
effectively used in World War I. Until then, treatment 
of malaria relied strongly on extracts from the bark 
of the Cinchona tree for their antimalarial effect. Not 
until 1944, with the discovery of quinine’s molecular 
structure, could antimalarial drugs be synthesized on 
a commercial scale (4–6).

Although the initial discovery of Cinchona’s anti-
malarial effect in humans was empirical, the mecha-
nism of action of the molecules responsible for this 
effect, such as the alkaloids involved in the schizon-
ticidal effect, was subsequently elucidated. The mol-
ecules interfere with the parasite’s ability to detoxify 
by using quinoline. In vitro studies have been funda-
mental in determining those mechanisms of action. 
The effect of quinine inhibiting the heme polymerase 
extracted from P. falciparum trophozoites and the 
mechanisms of action of specific alkaloids depend 
on the chemical structures of quinine, quinidine, 
9-epiquinine, and 9-epiquinidine mediated by the ge-
ometry of the 9-hydroxyl group and the quinuclidine 
ring system, which are fundamentally determined by 
the hydroxyl and amino groups (7,8).

Unfortunately, Cinchona, popularly known in 
Spanish as cascarilla, was intensively exploited af-
ter its discovery as an antimalarial, which made the 
trees extremely vulnerable. In addition, the tree’s 
trunk is not wide or robust, making it difficult to 
climb and therefore easy to fell with machetes, 
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The empirical discovery of the therapeutic power of Cin-
chona tree bark in the 17th Century has been one of the 
most important achievements in the history of medicine 
in its fight against malaria. Only after 2 centuries, since 
the isolation of its main alkaloid, quinine, could other 
important antimalarials, such as chloroquine, be synthe-
sized, all of which helped to save hundreds of millions of 
lives. In this historical review, we examine the evidence, 
accessed from early documentary sources, concerning 
the discovery of Cinchona and its therapeutic value as an 
antimalarial during the Viceroyalty of Peru. 
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leading to trees being cut down to extract the pre-
cious cascarilla (1). Therefore, it is important to con-
sider the harvesting, acquisition, and management 
of this valuable tree.

The beginning of the Cinchona story is less than 
clear. As Pratik Chakrabarti indicates, that uncertain-
ty could have been driven by colonialist intellectual 
and material interests (4).

Discovery of Cinchona’s Value as an Antimalarial
In terms of who discovered Cinchona’s value as an 
antimalarial, 2 basic assumptions exist: the natives 
discovered both its febrifuge and antimalarial prop-
erties consciously, and Jesuits discovered its antima-
larial value after learning of its febrifuge use by the 
natives. Jesuit priest Sánchez Labrador tells how Loja 
natives learned about Cinchona’s value: they noticed 
that a man got cured of an intense fever after drink-
ing from a bitter lake. The water had taken the flavor 
of fallen cinchona trees. To pinpoint the source of the 
cure, they soaked different tree parts, concluding that 
the medicinal part was the bark (9).

Nicolas Monardes, a 16th-Century protobotanist, 
provides a version:

From the new kingdom they bring a bark, 
which they say is from a tree, which is of 
great size, which they say, bears heart-
shaped leaves, and bears no fruit. This tree 
has a very solid and hard thick bark, which 
in this and in color resemble much the bark 
of the stick they call Guayacán: on the surface 
it has a thin whitish skin, broken all over it: 
it has the bark more than a finger thick, solid 
and heavy, which tasted has remarkable 
bitterness, like that of the gentian: it has 
a remarkable taste astriction, with some 
aromaticity, because at the end of the 
chewing it breathes a good smell. The Indians 
have the bark in abundance, and use it in all 
kinds of xamaras, whether with or without 
blood. The Spaniards, weary of this disease, 
on the advice of the Indians, have used this 
bark and have healed many of them with it. 
They take of it as much as a small bean made 
into powders, they are taken in red wine, or 
in appropriate water, as they have the fever 
or bad... (10).

A.W. Haggis, in his Fundamental Errors in the 
Early History of Cinchona: Part 1 (3), said that Anto-
nio de la Calancha (1631) and Sebastiano Bado (1663) 
mention a “fever tree” from Loja, which has a thick 
cinnamon-colored bark and a bitter taste (11,12). 

Bado wrote, “When two reals of its powder, mixed 
with wine or another liquid, is ingested, it had the ca-
pacity to cure fevers and tertians” (12). However, he 
casts doubt on statements by Joseph de Jussieu, who 
said that a Jesuit was the first European to be cured 
of fever by quinquina at Malacatos, and Charles M. 
de La Condamine, who in 1600 referred to the use of 
quinquina as a remedy by Europeans living in Lima, 
because the actual remedy taken in both cited cases 
could have been Myroxylon, which also was used as a 
febrifuge (3). Moreover, Haggis indicates that Sched-
ula Romana (1651), a famous apothecaries guide, was 
the oldest printed source citing the use of cinchona 
(china della febre) as a remedy for fever (2).

In contrast, Francisco Guerra considers Bollo’s 
letter, cited by Bado in 1663, as the oldest reference 
to the use of Cinchona bark (13). The letter states that 
its febrifuge properties were known and profited by 
the natives, who prevented the Spaniards from find-
ing out about it (13).

In 1663, Caldera reported that both the tree, 
which was abundant in the province of Quito, and its 
bark were called quarango (12). Its medicinal proper-
ties were noticed among natives of the Amazon River, 
who, on their way to a gold mine, swam across an icy 
river, having shivers afterwards. Drinking powdered 
quarango bark dissolved in hot water provided them 
immediate relief. When the Jesuits heard about this, 
they obtained all information from the natives (14). 
The perception that the natives were fully aware of 
Cinchona’s medicinal properties is reinforced by Di-
ego de Herrera’s testimony on his lost manuscript 
De Cortice Quinae Quinae (1699), cited by La Conda-
mine in 1738 (10).

Father Bernabé Cobo noticed that Llano-y-Zapata 
referred to Cinchona as Lacanna Perida, a novel name 
of obscure origin. Cono added that Juan de Vega was 
the first to use the husk to counteract the fevers of the 
Viceroy in 1638 (15).

According to E. Augusto in 1943, the Spaniards 
adopted the use of Cinchona from Inca medicine (16). 
The first to get cured were Juan López de Cañizares 
(governor of Quito) and 2 Jesuits from Malacatos (16).

In 1963, Alfonso Anda Aguirre attributed Cin-
chona medicinal lore to the native Paltas, from whom 
the Spaniards took knowledge at Mercadillo (17). Re-
garding Pedro Leiva, chief of the native Paltas, heal-
ing the Corregidor de Cañizares (corregidors were 
political, administrative, and judicial authorities ap-
pointed directly by the Spanish Crown to govern a 
territory or province), Anda Aguirre rejects criticisms 
pointing out that the chief’s Spanish name under-
mines the veracity of the story; Spaniards used to 
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name their subjects after themselves, meaning that 
the native Pedro Leiva could have taken the name of 
the Spaniard with whom he was socially connected, 
as was a custom (17).

Adding to our knowledge of the role of indig-
enous people on the discovery of the Cinchona tree, 
in 1995, Eduardo Estrella highlighted 2 important 
but little-known references (18). The first reference 
was Fernando de la Vega, a merchant and healer 
born in Loja, who wrote in 1752, at the age of 80 and 
upon request of Miguel de Santisteban, an extraor-
dinary memoir: “Virtues of the cascarilla made 
from leaves, buds, bark, powder, and root bark,” 
considered the first indigenous contribution about 
the medicinal properties of Cinchona (18). The sec-
ond reference was Miguel de Santisteban, a sol-
dier and superintendent of Bogota’s mint, who, by 
royal order, reported on the situation of cinchona 
in 1752 and organized its regular shipment to the 
Royal Apothecary in Madrid. Upon visiting Loja in 
1739, he wrote Noticias de la Cascarilla de Loja, an 
illustrated guide on the tree and its celebrated bark. 
He also proposed establishing Cinchona state-run 
stores to ensure its quality.

During the process of extracting the Cinchona 
(cascarilla), a trade route was marked out in the 
mountains of Vilcabamba (Figure 1). The Vilcabamba 
mountains were populated by Cinchona trees during 
the viceroyalty period, so this geographic region was 
a center for the use of Cinchona for trade and medi-
cine. Jussieu, a botanist of the Catelnau expedition 
looking for Cinchona calisaya during 1843–1845), de-
scribed how knowledge about the medicinal proper-
ties of Cinchona was first obtained:

Thanks to the Indians of Malacatos, south of 
Loja; who suffered intermittent fevers due to 
the inconsistencies of the climate; they found 
it necessary to seek a cure and were botanical 
experts and connoisseurs of the virtues of 
various types of herbs; after experimenting 
with various plants they discovered that 
cinchona bark was the only remedy to cure 
intermittent fevers, so they called it Yara [tree] 
Chucchu or Cava [bark] Chucchu [cold]” (19).

José Arias agreed that the natives who discov-
ered Cinchona in time immemorial were the Palta, 
indigenous to Loja (20). Early in the 17th Century, 
Chief Pedro Leiva used it to treat a Jesuit sick with 
malaria who, in turn, would use the remedy to cure 
the Corregidor de Cañizares in 1630. Two years lat-
er, Juan López would provide it to the wife of the 
Viceroy of Peru (20). Furthermore, previous sources 

have already demonstrated the presence of cascarilla  
during the Viceroyalty of Peru, both in Cusco and 
Lima (21,22) (Figure 2).

Cinchona was freely traded until 1752. A year ear-
lier, the Spanish Crown had already intervened in its 
exploitation, implementing the demarcation of the 
forests of Loja. Its extraction, selection, collection, and 
transport were regulated, which had a positive effect 
on the economy (20). Likewise, according to the di-
ary of Don Miguel de Santisteban, exports to Spain, 
which began around 1640, expanded to include Rome 
and Paris 10 years later (23).

The main sources of the Royal Spanish Apoth-
ecary were Loja (1750–1775), followed by Cuenca 
(1775–1787), after Loja’s forests were depleted (14). 
Despite this event, Loja kept its role as the start point 
of the export routes, which proceeded from Loja to 
Catacocha to Celica to Tumbes to Piura and Malaca-
tos to Tumbes to Guayaquil. The main destinations in 
Spain were the ports of Cádiz and El Ferrol (24).

Set of Historical Contexts as Bases for the  
Discovery of Cinchona Bark (Cascarilla) for  
Treatment of Malaria

Geographic Conext of Cinchona and Precolonial and 
Colonial Febrile Endemic Diseases in the Region 
Although Cinchona originates ancestrally from the 
central-eastern Andes, historically it has been com-
mercially exploited farther north, in the Andes be-
tween Ecuador and Peru. In that region, an impor-
tant site is Mt. Caxanuma (Loja), described by La 
Condamine in 1737. Between that year and 1799, he 
verified the presence of Cinchona between Loja and 
the central Peruvian Amazon. It was most prevalent 
in Piura and Cajamarca, where the most frequently 
observed species were C. pubescens and C. officina-
lis. Subsequent studies have validated his observa-
tions (25,26). In the described area, on both sides 
of the mountain range, several important elements 
converged, including the presence of native commu-
nities and their medicinal plants, endemic malaria 
beginning with the arrival of the Spaniards, and the 
existence of a north–south trade route for Cinchona 
bark leading to Lima.

Malaria has only been present on the Piura Coast 
and in the Cajamarca and Amazonas’ jungles since 
the viceroyalty period. The presence of Plasmodium 
parasites has been documented in a colonial-era 
mummy from Amazonas (27).

Cinchona thrives in so-called health axes areas 
(i.e., Loja, Ecuador–Piura–Cajamarca–Amazonas, 
and Peru). Those areas are ethnographic regions 
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where communities share concepts of health and 
principles of folk medicine, such as the “hot–cold” 
opposition, which is prevalent in Latin America. 
This method involved administering substances 
opposite to what they perceived in the patient (e.g., 
if healers perceived heat in the patient, they would 
administer a substance they considered cold, and 
in this way cure the patient) (28,29). Those areas 
have the most biodiverse centers worldwide. The 
relative low altitude of the Andes has enabled the 
exchange of flora and fauna from both slopes (the 
eastern rainforest and the western coast) since  
time immemorial.

In this region, which includes Peru’s Piura–
Huancabamba and Cajamarca regions and Ecua-
dor’s Loja and Zamora–Chinchipe regions, Carri-
on’s disease, a febrile infection caused by Bartonella 
bacteria, has existed since pre-Columbian times, 
as demonstrated in a Huari mummy. Malaria be-
came established in the valleys, as in the rest of the 
western tropics, starting in the late 15th Century. 

Of note, both diseases cause fever and anemia, and 
their presence overlapped in this region. Therefore, 
the indigenous people might have used Cinchona 
to treat malaria on the basis of their previous ex-
perience treating fevers caused by Carrion’s dis-
ease (30,31). The use of Cinchona as febrifuge was 
documented in a nearly contemporary situation; 
the Spanish took advantage of the ancestral use of 
quinine by the Andaquí people (Caquetá, Colom-
bia) to treat the intermittent fevers that afflicted 
them during their expedition from the Andes to the 
mouth of the Amazon River during 1541–1561, as 
described by chroniclers Gaspar de Carvajal, Fran-
cisco Vásquez, and Pedrarias de Almesto (32–34).

Previous studies have demonstrated the pres-
ence of Plasmodium parasites in Chachapoyas (a 
remote region in northern Peru) during 1437–1617. 
Although genomic analyses show similarity to cur-
rent strains in Peru, those colonial cases undoubt-
edly represent infections within the context of the 
European invasion of the Americas (31,35–38). In 
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Discovery of Cinchona as Antimalarial, Peru

that case, the antimalarial effect of Cinchona might 
have been discovered because of the use of this plant 
to treat a febrile illness that causes anemia such as 
Carrion’s disease.

Ethnobotanical Knowledge and Cultural  
and Commercial Exchange with Respect to  
Cinchona Bark (Cascarilla)
From the perspective of local ethnomedicine, it is 
important to understand the use an appropriate 
treatment prescribes the opposite, as described pre-
viously (e.g., cold remedies to draw out the heat 
and hot remedies to draw out the cold of Cincho-
na) (28,29). Another principle used by traditional 
medicine is the sweet–bitter opposition. In ancient 
times, bitter concoctions, such as Cinchona bark 
solutions, were used to expel evil spirits to which 
ailments were attributed. Similarly, if an illness 
was accompanied by sweet fluids (e.g., blood or 
urine) because of secondary hyperglycemia (e.g., 
dehydration from fever or adrenergic stress), the 
condition could be counteracted by administer-
ing bitter substances such as cascarilla. The native  

Peruvian–Ecuadorian peoples might have discov-
ered the fever-reducing properties of Cinchona 
within this context. A similar line of reasoning 
could have been to follow the principle of similari-
ty, using bitter substances to treat fevers associated, 
for example, with liver disease and other ailments  
causing bilious vomiting (39,40). Of note, in Loja, 
Ecuador, ethnobotany has been used to treat fevers, 
as demonstrated through a study that documented 
25 plants used to treat suspected malaria and other 
fevers (39). Some of those plants belong to the Rubi-
aceae family, to which the genus Cinchona belongs.

The well-documented trade route between north-
ern Peru (Piura) and southern Ecuador (Loja) was the 
setting where information about the discovery and 
use of Cinchona as an antimalarial spread from the 
early viceroyalty. The Jesuits played a key role in that 
process, thanks to the development of their missions, 
from which they gathered and disseminated all pos-
sible knowledge. That role was particularly impor-
tant for Loja, where Jesuits arrived at the beginning 
of the colonial period and founded the first secondary 
school in 1727 (41). 
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Figure 2. Documents from 1768 
in archives of 2 very important 
locations for the Viceroyalty 
of Peru (Cuzco and Lima in 
present-day Peru) referring to 
“cascarilla powder” and “Loja 
powder” A) “Cascarilla powder” is 
mentioned in the Archive of the 
Colegio Ciencias: File 6, book 
1, page 112, Cuzco. 1768–1769 
(21). B) Page of the inventory of 
the apothecary of Saint Paul’s 
College, where “Loja’s powders 
of cinchona” is mentioned. 
Source: Velada R. National 
Archives of Peru, 1768 (22). 



HISTORICAL REVIEW

During that time, Cinchona was widely traded 
along various routes that swiftly connected Loja 
and Cuenca (Ecuador) with Piura and Lima (Peru) 
and, from there, with Spain. Such trade led to the 
emergence of a local elite, distinct from that of Lima 
(42). Families were linked through marriage and 
strengthened ties through business, such as the 
González de Salazar and Sánchez Navarrete Penin-
sular-Creole clan of Cinchona bark merchants operat-
ing between Guayaquil and Lima, through southern 
Ecuador and northern Peru. The clan established an 
annual shipment of cinchona bark from Loja to the 
royal pharmacy in Madrid, which departed from 
ports in present-day Peru and Ecuador (43,44). It is 
important to highlight the recognition of Cinchona in 
the medicinal, commercial, and historical contexts in 
Lima and Loja during the colonial period and pres-
ent day (Figure 3)

Cascarilla also was obtained, in smaller quantities, 
in the northern highlands of Piura (Huancabamba 
and Ayabaca). The continuous trade involved cor-
regidors Matías Joseph de Valdivieso (Piura) and Pe-
dro Javier de Valdivieso (Loja), who also supplied the 
Royal Pharmacy of Madrid (45).

Spaniards such as Diego Vaca de Vega and Je-
suit missionaries settled in Maynas (Loreto, Peru), 
a process during which they became more familiar 
with local medicinal plants. Vaca de Vega and sol-
diers from Loja founded the San Francisco de Borja 
School in 1619 (46). That collaboration highlights the 

relationship between military companies and the Je-
suits. They arrived together, having knowledge of 
the malaria that caused fevers and the traditional 
medicines used by the native communities based 
on plants to treat the fevers; therefore, the colonists 
used the plants for the treatment of fevers and for 
their trade. 

The intense social and administrative activity 
along the commercial axis between Cuenca, Loja, 
Piura, and Lima was dominated by Piura, from 
where Cinchona bark and textiles were also exported 
through the port of Paita (47,48). In 1778, Cinchona 
shipment began in Malacatos (Loja), where it was 
packed and transported to the ports of Tumbes 
(Peru) or Guayaquil (Ecuador), then on to the port 
of Callao (Peru), with the final destination being the 
port of Cádiz in Spain (21,46).

The documents describing the Cinchona trade 
reveal not only the use and importance of Cinchona 
bark but also its characteristics and the most sought-
after and commercially traded varieties. Further-
more, they show the main routes by which this prod-
uct and its use as an antimalarial spread from Peru 
to the world, through Europe. They also indicate 
problems that arose throughout the global distribu-
tion of Cinchona bark in terms of quality and price. 
The discovery of Cinchona unites aspects of distribu-
tion, ethnobotanical, epidemiologic, exchange, and 
commerce from the pre-Inca era to the Viceroyalty 
(Figure 4). 
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Figure 3. Presence of Cinchona 
in Loja, Ecuador, and Lima, 
Peru, and its use as powdered 
medicine. A) Herbarium file of 
Cinchona officinalis. Source: 
Museum and Cultural Center of 
Loja, Ecuador. B) Bottle labeled 
“quinine powder.” Source: 
Museum and Cultural Center 
of Loja, Ecuador. C) Pharmacy 
and medication preparation 
area. Source: Museum of the 
Barefoot, Franciscan Order, 
Lima, Peru. D) Bottle of quinine. 
Source: Museum of the Barefoot, 
Franciscan Order, Lima, Peru.
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Discussion
Unfortunately, despite having the Cinchona tree 
on Peru’s national coat of arms, very little informa-
tion exists about its discovery or early use in Peru-
vian archives, libraries, and the main headquarters 
of the Jesuit Order (the Basilica, the minor Convent 
of San Pedro, and the Apothecary of the Colegio de 
San Pablo were the main administrative centers and 
sites of Cinchona use by the Jesuit Order during the 
Viceroyalty of Peru). We do not consider the story 
about the Countess of Chinchón, which is depicted 
in a popular novel about the discovery of Cinchona 
as an antimalarial, because it lacks scientific veracity 
and most researchers now consider this story apocry-
phal (2). Information is limited about the discovery 
and early use of the Cinchona tree. This situation re-
sulted from 3 events: the expulsion of the Jesuits in 
1767, during which their documents were relocated 
or lost; the War of the Pacific during 1879–1884, when 
the National Library was looted (1881); and the Na-
tional Library fire in 1943, when even more historical 
sources were lost.

Within the variety of references to the discov-
ery of the therapeutic use of Cinchona bark, a com-
mon fact stands out: most authors highlight the 
indigenous people as the true discoverers. The old-
est reference to that fact is from Nicolas Monardes 
in 1574 (49). Haggis, Calancha, and Bado indicate 
that the natives used Cinchona bark as a remedy for 
fevers (3,11,12). According to Bado, the natives ac-
quired this knowledge late, between the arrival of 
the Spaniards and the discovery of this remedy by 
the Europeans (12). This observation is supported 
by a recent evaluation of the genomic variation of 
P. vivax in Latin America; all lineages can be traced 
to multiple introductions from Europe and Africa 
that occurred after contact between the natives and 
the Europeans (50).

The discovery of Cinchona as an antimalarial oc-
curred because of the confluence of favorable factors 
that were present since pre-Hispanic times. Those 
factors include the geographic distribution and ende-
mism of Cinchona, Amazonian ethnobotany condu-
cive to treating fevers, endemic febrile diseases such 
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Figure 4. Chronologic and historical milestones of the Cinchona bark (also known as cascarilla or Loja’s powder).
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as bartonellosis, and mobility and cultural–commer-
cial exchange.

Conclusions
Loja was the axis of discovery and a center of supply 
and export of Cinchona in the 17th Century. Viceregal 
documents abound in this regard, especially high-
lighting the town of Malacatos and its leader, Chief 
Pedro Leiva, who raised the Cinchona to universal ac-
ceptance as a therapeutic intervention for malaria.

Chief Leiva revealed the secret of Cinchona 
as a febrifuge to a Jesuit missionary and, in turn, 
shared that information with the Corregidor Juan 
López Cañizares around 1630. From Loja, either by 
the Jesuits, an administrative, political, and judicial 
authority such as the Corregidor Juan López Ca-
ñizares, or both, the information arrived in Lima, 
capital of the Viceroyalty of Peru, seat of its politi-
cal and religious authorities. From Lima, the effec-
tiveness of the bark as an antimalarial expanded 
exponentially to the world.

Likewise, the Jesuits clearly maintained an early 
monopoly on the value and use of Cinchona. Of this 
fact there is testimony in different documents (recipe 
books in the apothecaries of San Pablo and the Jesuits 
of Santiago).

Both native and European characters played key 
roles in Cinchona’s heritage. The natives, in their long 
tradition of trial-and-error plant-based medicine, swift-
ly succeeded when confronted with a newly arrived 
disease (malaria). The Europeans were responsible for 
controlling the production and distribution of Cinchona, 
which, in the long run, saved millions of lives.
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Ignatzschineria spp. bacteria are emerging pathogens 
whose vectors historically have not been clearly identi-
fied. We used molecular methods to establish a relation-
ship between the black blow fly (Phormia regina) and hu-
man Ignatzschineria bacteremia in persons experiencing 
homelessness in Vancouver, British Columbia, Canada, 
validating a novel transmission pathway in a vulnerable 
urban population.

Ignatzschineria bacteria are increasingly recognized 
as a cause of human infection (1). Four species 

have been described to date: I. indica, I. larvae, I. ure-
iclastica, and I. cameli (1). Historically, species associ-
ated with human wound and blood infection have 
shown a geographic distribution; I. indica predomi-
nates in North America, and I. larvae/I. ureiclastica 
predominates in Europe (1). The gram-negative, aer-
obic, nonmotile, and oxidase- and catalase-positive 
bacteria were originally isolated from the larvae and 
adult gastrointestinal tracts of Wohlfahrtia magnifica 
parasitic flies (2). Experimental and ecologic stud-
ies suggest that Ignatzschineria are part of the larvae 
microbiome through a combination of vertical trans-
mission and environmental acquisition during feed-
ing (3–5). Ultimately, host identity appears to shape 
overall abundance; blow fly species such as Phormia  

regina have a high abundance of Ignatzschineria  
(Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/32/7/25-1914-App1.pdf) (4).

Although W. magnifica flies primarily cause myia-
sis in animals, blow flies are associated with faculta-
tive myiasis in humans (6). At least 3 case reports of 
Ignatzschineria bacteremia in humans have implicated 
the green blow fly (Lucilia sericata), but the methods 
used for identification have primarily relied on epi-
demiology and morphologic features (1,7). In general, 
the specific fly vectors associated with human urban 
myiasis are seldom confirmed molecularly.

We describe 2 cases of Ignatzschineria bacteremia 
in persons experiencing homelessness (PEH) in Van-
couver, British Columbia, Canada. We used genomic 
approaches to characterize the bacterial isolates from 
both cases and performed vector identification on the 
fly associated with 1 of the cases. We obtained writ-
ten consent from both patients for publication of their 
cases.

The Study
Case 1 involved a 49-year-old man, a PEH with ac-
tive substance use disorder (SUD) and chronic bilat-
eral leg wounds, who sought care for worsening pain, 
swelling, and wound myiasis (Figure 1, panel A, B). 
We collected 2 aerobic and 2 anaerobic blood cultures, 
and within 24 hours, all 4 collection bottles grew gram-
negative bacilli. After an additional 24 hours, small 
gray colonies appeared on sheep blood agar and clear 
colonies appeared on MacConkey agar (Appendix 
Figure 2). Matrix-assisted laser desorption/ionization 
time-of-flight mass spectrometry (MALDI Biotyper; 
Bruker, https://www.bruker.com) identified the iso-
lates as I. larvae, I. indica, and Fusobacterium varium.  
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Whole-genome sequencing (WGS) confirmed the spe-
cies as I. larvae and I. indica (Appendix Figure 3).

We conducted antimicrobial susceptibility testing 
by using gradient strip diffusion method for several 
antibiotics (Table). We referenced the 2025 Clinical and 
Laboratory Standards Institute breakpoints for other 
non-Enterobacterales for interpretation of MICs (8). 
The genotypic antimicrobial resistance prediction for 
the I. larvae isolate was concordant with phenotype for 
all tested antimicrobials (Table). The I. indica isolate did 
not grow for phenotypic testing, but no genotypic re-
sistance was detected for antibiotics of interest.

The patient underwent surgical debridement of 
both leg wounds and a split thickness skin grafting 
from the upper thigh. Computed tomography imag-
ing of the right lower leg demonstrated periosteal 

reaction and irregularity of the underlying bone cor-
tex. He was treated for osteomyelitis with 6 weeks of 
amoxicillin/clavulanate. After antimicrobial therapy, 
the leg wounds healed well and showed healthy 
granulation tissue. We performed no repeat imaging.

Shortly after case-patient 1 was admitted to hos-
pital, a second patient (case-patient 2), a 36-year-old 
man who was a PEH and SUD, sought care for fe-
vers and an erythematous right shin containing ne-
crotic wounds heavily infested with fly larvae (Figure 
2, panel A, B). His blood cultures grew I. larvae and 
Pasteurella multocida, which we confirmed by using 
WGS. The genotypic antimicrobial resistance predic-
tion was concordant with phenotype for all antibi-
otics tested (Table). His orthopedic and plastic sur-
gery physicians recommended wound care without  

Figure 1. Leg wounds in 
case-patient 1 in pair of 
Ignatzschineria spp. bacteremia 
cases in persons experiencing 
homelessness, Vancouver, 
British Columbia, Canada, 2025. 
A) Bilateral leg wounds at time 
of admission; B) close-up of 
myiasis in exposed right tibialis 
anterior tendon.

 
Table. Antibiotic MICs as determined by gradient strip diffusion method for Ignatzschineria larvae reported for case-patient 1 (blood 
culture) and case-patient 2 (blood and wound culture), Vancouver, British Columbia, Canada, 2025 

Antibiotic 

MIC, g/mL 

Interpretation 
Case-patient 1 
blood culture 

Case-patient 2 
blood culture 

Case-patient 2 
wound culture 

Amoxicillin/clavulanate 0.032 0.047 0.047 Susceptible 
Ceftriaxone <0.002 <0.002 <0.002 Susceptible 
Ciprofloxacin 0.094 0.047 0.047 Susceptible 
Meropenem 0.023 0.012 0.012 Susceptible 
Piperacillin/tazobactam <0.016 <0.016 <0.016 Susceptible 
Trimethoprim/sulfamethoxazole 0.023 0.06 0.008 Susceptible 
 

Phormia regina Fly as Vector for Ignatzschineria 



DISPATCHES

1152	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 7, July 2026

surgical intervention. The plan was to complete 6 
weeks of ceftriaxone for osteomyelitis, but the patient 
self-initiated discharge before completing therapy.

When case-patient 2 sought care, we recognized 
a pattern of myiasis-associated bacteremia. We col-
lected fly larvae from the patient in a sterile container, 
stored them on blood agar, and observed them over 
time to document their development into adult flies 
(Figure 3). The third instar larvae (9–12 mm) were 
creamy white with distinct bands along the body cov-
ered in short spines. The prothoracic spiracles had 
>10 openings. We observed 2 incomplete peritremes 
on the posterior with three inner slits directed toward 
the median line ventrally. The adult flies (10–12 mm) 
were metallic green. Considered together, those fea-
tures were suggestive of the Calliphoridae family and 
the Phormia genus (9). We confirmed the fly to be P. 
regina by sequencing the cytochrome c oxidase sub-
unit I gene using universal primers (Appendix Figure 
4) (10). To confirm the presence of Ignatzschineria spp. 
in the fly larvae, we washed a larva 3 times in phos-
phate-buffered saline, macerated the anterior portion 
of the larva in phosphate-buffered saline, and sub-
jected the homogenate to mechanical disruption with 
glass beads before DNA extraction and 16S rRNA 
sequencing. We uploaded sequencing data to the 
CZ ID platform (https://czid.org) for metagenomic 
analysis (S.E. Simmonds et al., unpub. data, https://
doi.org/10.1101/2024.02.29.579666). We identified Ig-
natzschineria spp. at a 16S rRNA read abundance of 
0.1% from the larva bacterial microbiome, providing 
molecular evidence of vector colonization.

Conclusions
We have established a relationship between P. regina 
fly wound myiasis and I. larvae bacteremia by identi-
fying P. regina flies as the probable causative agent of 
myiasis, isolating Ignatzschineria bacteria in patients’ 
blood cultures, and detecting the organism within 
the larval microbiome. Our findings fulfill the crite-
ria for sequence-based determination of causation as 
proposed by Fredricks and Relman (11). Moreover, 
the larval microbiome results were consistent with 
the findings of Deguenon et al. (12), who identified 
Ignatzschineria bacteria in the microbiome of wild P. 
regina flies. Because P. regina blow flies are ubiquitous 
and widely distributed across North America, our re-
sults suggest that exposure risk could be far broader 
than previously assumed.

Both patients were at heightened risk for Ig-
natzschineria bacteremia because of their PEH status, 
SUD, chronic wounds, and competing health and so-
cial priorities (i.e., resuming everyday life versus re-
ceiving treatment and follow-up) (13). We hypothesize 
that the complexity of wounds and the magnitude of 
infestation might increase the risk for Ignatzschineria 
infection. Those cases also illustrate the value of a One 
Health perspective, in which human vulnerability, 
environmental exposure, and interactions with urban 
flies converge to create conditions for pathogen trans-
mission. Clinicians should maintain a high index of 
suspicion and obtain blood cultures in patients with 
wound myiasis and systemic symptoms.

Accurate identification of Ignatzschineria bac-
teria remains a diagnostic challenge in the clinical  

Figure 2. Leg wounds in case-patient 2 in pair of Ignatzschineria spp. bacteremia cases in persons experiencing homelessness, 
Vancouver, British Columbia, Canada, 2025. A, B) Lateral (A) and anterior (B) right leg wounds with visible myiasis at time of admission. 
C) Same wounds after 3 weeks of antibiotics and regular wound care.
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microbiology laboratory. In several cases, Ignatzschineria 
isolates were initially misidentified as other bacteria us-
ing phenotypic and molecular methods (7,13). We ob-
served that the Bruker MALDI Biotyper successfully 
identified I. indica and I. larvae/ureiclastica but could 
not differentiate between I. larvae and I. ureiclastica be-
cause of the high degree of genetic similarity. Of note, 
the VITEK MS version 3.2 knowledge base (bioMéri-
eux, https://www.biomerieux.com) does not include 
Ignatzschineria species. Most case reports have relied on 
molecular methods such as 16S rRNA gene sequencing 

for genus identification, but only WGS can truly pro-
vide species-level resolution (14). Those findings high-
light a broader diagnostic gap in detecting emerging 
zoonotic pathogens and demonstrate the value of WGS 
for achieving species-level resolution.

Information on the antimicrobial susceptibility of 
Ignatzschineria is currently limited. Reported testing 
methods include disk diffusion, automated instru-
ments, gradient strip diffusion, or some combination 
of those methods (1). Most published cases demon-
strate that Ignatzschineria bacteria are susceptible to 
β-lactam antibiotics, which comprise the mainstay of 
therapy (1). Treatment typically includes appropriate 
antimicrobial therapy combined with larvae removal, 
wound care, debridement, amputation, or some com-
bination of these interventions (1,7). Overall, patient 
outcomes have been favorable when both infection 
and underlying wounds are addressed (13).
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Cat-scratch disease (CSD), caused by Bartonella
henselae bacteria, is a zoonotic infection primar-

ily transmitted through contact with cats, mainly 
scratches or bites. Approximately 90% of cases, des-
ignated as typical CSD, are characterized by regional 
lymphadenitis. Atypical CSD manifestations are di-
verse and include fever of unknown origin (FUO), 
erythema nodosum, hepatosplenic involvement, 
neuroretinitis, and neurologic complications such as 
encephalitis, and cranial nerve neuropathy (1,2). Sud-
den sensorineural hearing loss (SSNHL) has been as-
sociated with viral and bacterial infections (3), but it 
is not a recognized sequela of CSD.

On the basis of data from a national CSD regis-
try in Israel with long-term follow-up, we report 5 
patients with CSD who had SSNHL. This case series 
suggests a potentially underrecognized association 
between CSD and SSNHL.

The Study
We have conducted a surveillance study of CSD in Is-
rael since 1991 (4). We defined CSD as illness in a pa-
tient with symptoms and signs consistent with CSD 
in the absence of another diagnosis and >1 confirma-
tory laboratory result: a positive serologic test for  

B. henselae antibodies (IgM, IgG, or both) or a posi-
tive PCR for B. henselae DNA. We performed serolog-
ic testing by using enzyme immunoassay (EIA) and
interpreted results as previously described (5). We
performed PCR on lymph node tissue as previously
reported (4). We confirmed SSNHL by audiometry
when the patient was admitted for care. Clinical out-
come was based on patient-reported hearing because
repeat audiometric testing was not available. We
considered doxycycline, macrolides, and rifampin to
be active against B. henselae. The Tel Aviv Sourasky
Medical Center Institutional Review Board approved
the study (approval no. TLV-0147-08). We collected
follow-up data prospectively and obtained informed
consent from all patients.

Five patients with CSD had unilateral SSNHL, 
confirmed by audiometric testing performed after 
an otolaryngologic evaluation. Two patients also re-
ported tinnitus. All patients had >1 additional mani-
festations characteristic of CSD, including FUO (4/5), 
lymphadenitis (3/5), ocular CSD manifestations 
(3/5), erythema nodosum (1/5), and encephalitis 
(1/5). Among the 4 patients with FUO, fever was con-
tinuous or intermittent, lasting 3–12 weeks (median 
6 weeks). The fifth patient had no fever but reported 
prolonged weakness (Table).

In 4 patients, SSNHL occurred 3–9 weeks after 
initial CSD diagnosis. The fifth patient, a musician, 
experienced severe, prolonged CSD, beginning 
with 3 months of intermittent fever and unilat-
eral cervical lymphadenitis, during which he had 
onset of encephalitis eventually requiring hospi-
talization, followed by persistent fatigue. SSNHL 
occurred 9 months after CSD diagnosis. At the 
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We report 5 patients in Israel with cat-scratch disease 
(CSD) who had unilateral sudden sensorineural hear-
ing loss. Several mechanisms are plausible, but further 
research is needed to clarify pathogenesis. The cases 
highlight a previously underrecognized association be-
tween CSD and sudden sensorineural hearing loss, 
expanding the spectrum of cranial nerve neuropathies 
in CSD. 
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last follow-up, 29 months after SSNHL onset, he  
reported persistent hearing impairment but de-
clined further evaluation.

Three patients received relevant antibiotics 
(none received azithromycin), 3 received oral corti-
costeroids, and 3 received no treatment (Table). Af-
ter a median follow-up of 66 months (range 29–107 
months), 3 (60%) of 5 patients reported partial re-
covery, with residual hearing impairment, and 2 re-
ported complete recovery.

In this case series, we report 5 patients with CSD 
and SSNHL. A temporal association between active 
CSD and SSNHL was evident in 4 patients. In con-
trast, patient 5 had hearing loss 1 year after the onset 
of a prolonged CSD, making causality less certain.

SSNHL is a recognized but uncommon sequela 
of viral and bacterial infections (3). Our literature 
search identified only 2 early reports predating the 
identification of B. henselae as the etiologic agent of 
CSD in 1992 (6,7), suggesting this association may be 
underrecognized.

Although the diagnosis of CSD often is chal-
lenging, it was well supported in our patients by 
epidemiologic, clinical, and laboratory data: all pa-
tients reported cat contact and exhibited various 
CSD manifestations, including lymphadenopathy, 
FUO, encephalitis, erythema nodosum, and ocular 
findings (1), and all patients had serologic confirma-
tion (Table). Of note, serodiagnosis of CSD usually 

is IgG-based, whereas IgM is short-lived and detect-
able in approximately half of CSD patients (5).

Ancillary testing for alternative infections (e.g., 
HIV and syphilis) was inconsistent and generally 
performed for other indications (e.g., prolonged fe-
ver), rather than the hearing loss. This approach 
aligns with current guidelines, which do not recom-
mend routine laboratory testing in SSNHL because of 
limited yield (8). All cases predated COVID-19, and 
Lyme disease is not endemic in Israel; therefore, cor-
responding laboratory testing was not performed.

The pathogenesis of SSNHL in CSD remains un-
known. In viral-associated SSNHL, such as herpes 
simplex, mumps, measles, rubella, HIV, and entero-
viruses, proposed mechanisms include direct cochlear 
invasion, reactivation of latent virus, and immune-me-
diated injury (9). Similar processes have been suggest-
ed in COVID-19–associated hearing loss, and imaging 
findings supported cochlear inflammation and occa-
sional nerve involvement (9). In bacterial infections, 
mechanisms are less defined. Rickettsia spp., known to 
be intracellular and endotheliotropic like B. henselae, 
have been associated with hearing loss, possibly me-
diated by immune-related vasculitic involvement of 
the cochlear or cochlear nerve vasculature (10).

Several observations in Bartonella infection pro-
vide biologic plausibility for the proposed mecha-
nisms underlying SSNHL. In vitro studies show that 
B. henselae can infect feline microglial brain cells (11). 

 
Table. Characteristics of CSD patients with sudden sensoneuronal hearing loss, Israel* 

Characteristic 
Patient no. 

1 2 3 4 5 
Age, y 35 47 71 15 35 
Sex Female Female Male Female Male 
Cat contact Yes Yes Yes Yes Yes 
Fever (duration, wks) Yes (8) Yes (3) Yes (4) No Yes (12) 
Lymphadenopathy Not reported Not reported Retroperitoneal Retro-auricular Cervical 
Atypical CSD 
manifestations 

Neuroretinitis, 
CSD-FUO 
syndrome 

Central retinal 
artery occlusion, 
chorioretinitis, 

CSD-FUO 
syndrome 

CSD-FUO syndrome Neuroretinitis Erythema 
nodosum, 

encephalitis, 
CSD-FUO 
syndrome 

Time from CSD onset to 
hearing loss, wks 

9 3 5 6 52 

Laboratory diagnosis of 
CSD 

IgG 1:200; IgM 
positive 

IgG 1:800; IgM 
negative 

IgG 1:400; IgM 
negative 

IgG 1:100 (IgG 
seroconversion); IgM 

negative; positive 
PCR (lymph node) 

IgG 1:200; IgM 
borderline 

Antibiotics Doxycycline and 
rifampin 

Doxycycline None None Doxycycline and 
rifampin 

Corticosteroids Yes Yes Yes No No 
Outcome Partial recovery 

with residual 
hearing impairment 

Partial recovery 
with residual 

hearing impairment 

Recovery after 4 wks Recovery after 10 wks Partial recovery 
with residual 

hearing 
impairment 

Duration of follow-up, mo 107 75 58 85 29 
*CSD, cat-scratch disease; FUO, fever of unknown origin. 
†Based on the patients’ own subjective perception of hearing ability because repeat audiometric testing was not available. For complete recovery, 
duration of hearing loss is shown; for partial recovery, hearing was assessed at last follow-up. 
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Animal studies further indicate dissemination to the 
central nervous system (CNS); in a feline model, B. 
henselae was recovered from brain tissue after intra-
dermal inoculation (12), consistent with the poten-
tial for neural involvement. Clinical observations 
further support cranial nerve involvement and po-
tential pathogenic mechanisms. B. henselae has been 
identified in human CNS tissue through autopsy, 
indicating direct invasion of neural structures (13). 
In addition, the endothelial tropism of B. henselae is 
evidenced by its association with vascular injury, in-
cluding cerebral vasculitis, in human brain biopsy 
(14). Moreover, retinal vascular occlusion and isch-
emic optic neuropathy in CSD patients (1) suggest 
that microvascular injury might contribute to dys-
function of the cochlear or cochlear nerve, structures 
known to be highly vulnerable to ischemia. Further-
more, a pediatric case of CSD-associated peripheral 
facial nerve palsy demonstrated a granulomatous 
lesion at the internal auditory meatus that resolved 
with treatment (15). Given the intimate anatomic 
proximity of cranial nerves VII and VIII within this 
compartment, a similar inflammatory lesion could 
affect the cochlear nerve, causing neuritis, compres-
sive neuropathy, or both. Our recent report of mul-
tiple cranial neuropathies in CSD, involving cranial 
nerve III, VI, VII, and IX (2), further supports the 
potential for B. henselae infection to involve cranial 
nerves and cause neuropathic manifestations. Im-
mune-mediated inflammatory mechanisms could 
also contribute, although current evidence remains 
indirect (3).

Taken together, data support 3 non–mutually 
exclusive mechanisms for SSNHL in CSD: vascular 
or vasculitic injury of the cochlea or cochlear nerve, 
analogous to rickettsial disease; focal inflammatory 
involvement of the vestibulocochlear nerve within 
the internal auditory canal, potentially causing neu-
ritis, compressive neuropathy, or both within this 
anatomically confined space; and immune-mediated 
cranial neuritis occurring in the context of system-
ic Bartonella infection. Although definitive proof is 
lacking, the ability of B. henselae to involve neural 
and neurovascular components of the CNS, together 
with its recognized associations with cranial neu-
ropathies, provides a biologically plausible explana-
tion for transient nerve VIII dysfunction and sudden 
hearing loss.

The small number of cases and the heterogene-
ity of treatment preclude therapeutic conclusions. 
Of note, none of the patients received azithromy-
cin, excluding azithromycin-associated SSNHL as 
a confounder.

Conclusions
We report a possible but underrecognized association 
between CSD and SSNHL that warrants further clini-
cal awareness. Several mechanisms are plausible, but 
further research is needed to clarify the pathogenesis. 
All 5 patients had additional CSD manifestations, 
which, together with the sudden hearing loss, posed 
a diagnostic challenge. A history of cat exposure may 
serve as a critical clue prompting appropriate labora-
tory testing. 
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etymologia revisited
Petri Dish  
[pe′tre ′dish]

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

fellow German physician and pioneering microbiologist 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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Tanapox virus (TANV), a member of the genus
Yatapoxvirus (Poxviridae), is associated with a 

rare zoonotic infection; only 1 human tanapox case 
has been reported globally since 2004 (1–3). That case 
originated in Skukuza, a subtropical area of Kruger 
National Park (KNP), a wildlife reserve in South Af-
rica. That geographic location differed from all previ-
ously recorded tanapox cases from endemic countries 
in equatorial Africa, including Democratic Republic 
of the Congo, Kenya, Republic of Congo, and Sierra 
Leone, and from Tanzania in tropical east Africa (4–
9). Skukuza is also south of the possible TANV distri-
bution predicted by ecologic niche modeling (9).

Although geographic origins differ, the environ-
mental and clinical features of all reported human ta-
napox cases are comparable. TANV is thought to be 
transmitted mechanically from wildlife hosts (nonhu-
man primates) to humans by hematophagous culi-
cine mosquitoes (4–10). All previously reported cases 
originated from locations where human–wildlife in-
terfaces were closely juxtaposed, after heavy rainfall 
and high temperatures that preceded the mosquito 
breeding season (3–5,9).

Generally, TANV infection presents as 1–3 
nodules in exposed body areas where mosquitoes 
typically tend to bite, such as hands, elbows, low-
er limbs, and toes (5). Although the centrally um-
bilicated lesions are self-limiting, resolving without 
intervention over 6–8 weeks, TANV infection can 
cause symptoms consistent with a viraemia, in-
cluding fever, fatigue, intense headaches, myalgia, 
lymphadenopathy, and viral exanthem. The lesions 
can be unsightly, painful, and pruritic and infre-
quently become secondarily infected after scratch-
ing (2,4,5,8). As yet, no human-to-human TANV 
transmission or infection from contact or fomites has 
been recorded, and no deaths or systemic infection 
have been reported (2,5,11). Given the self-limiting 
nature and mildness of the infection, underreport-
ing by workers in wildlife areas is highly probable, 
but for persons who do seek medical assistance, a 
lack of familiarity with the disease could lead to 
misdiagnosis and inappropriate treatment. We de-
scribe a cluster of tanapox cases from in and around 
KNP, South Africa, a novel, subtropical location for  
TANV transmission.

The Study
In February 2024, a patient (case 1) with several skin le-
sions sought care from a general practitioner in Hoed-
spruit, a small town ≈68 km west of KNP. The patient 
resided in KNP staff lodging near Orpen (Figure 1). 
On the advice of an infectious diseases expert familiar 
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Tanapox is a rare, self-limiting, mosquitoborne viral zoo-
nosis. During February–March 2024, we identified 11 hu-
man tanapox cases near Orpen in Kruger National Park, 
South Africa. We retrospectively identified 2 suspected 
cases from Pafuri from 2021, suggesting continued virus 
circulation. Public awareness of tanapox is essential for 
appropriate medical treatment. 
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with poxvirus infections, a lesion swab sample was 
sent to the Special Viral Pathogens Laboratory, Cen-
tre for Emerging Zoonotic and Parasitic Diseases, Na-
tional Institute for Communicable Diseases (NICD), 

Johannesburg, South Africa, for poxvirus testing.
Using previously described methods (3), we per-

formed molecular testing to identify the genus of pox-
virus involved. We confirmed Yatapoxvirus TANV by 
sequencing, which we corroborated by transmission 
electron microscopy of a subsequent lesion biopsy 
(Table; Appendix Figure 1, https://wwwnc.cdc.gov/
EID/article/32/7/25-1961-App1.pdf).

Two other persons (cases 2 and 3), household 
members of case-patient 1, also had pox-like nodules 
(Table). Consequently, we developed and distribut-
ed a questionnaire through established, community 
communication networks that link KNP and Greater 
KNP, a collection of private and community-owned 
wildlife reserves adjacent to the western boundary 
of KNP. We received 10 additional lesion swab sam-
ples (cases 2–11) for molecular confirmatory testing, 
among which 8 (cases 2–9) were accompanied by a 
completed questionnaire (Table). Of those 10 lesion 
swab samples, 8 were TANV-positive, and we sub-
mitted a representative example of the sequences to 
GenBank (accession no. PV816105). Two specimens, 
from cases 4 and 10, failed PCR amplification be-
cause the swabs were likely collected after the le-
sions had sufficiently healed and consequently no 
longer contained viral DNA. However, we included 
those 2 as suspected cases on the basis of epidemio-
logic and clinical features common to all 11 cases in 
the cluster.

All TANV cases occurred within 20 km of each 
other (Figure 1). Most case-patients were male (7 
game rangers, 1 adult visitor, and 1 resident child); 2 
were female (both KNP residents). Lesions and symp-
toms were consistent with those described in cases 
originating from equatorial Africa during 1957–2004 
(4–8). Typically, case-patients had 1–3 umbilicated 
lesions coinciding with common sites for mosquito 
bites (Table). Case-patients noted that nodules ini-
tially were itchy; some mentioned that they thought  

Figure 1. Locations of cases in a cluster of human tanapox 
cases in wildlife reserve, South Africa, 2024. Of 11 cases in 
2024, nine were laboratory confirmed by PCR and sequencing, 
and 2 were suspected on the basis of clinical symptoms and 
epidemiologic links. In addition, one case was laboratory-
confirmed in 2022. We also retrospectively identified 2 suspected 
cases from 2021 on the basis of lesion features, clinical 
symptoms, and suitable environmental parameters. Insets show 
location of KNP within South Africa and the continent. KNP, 
Kruger National Park.

Table. Epidemiologic data of patients in a cluster of human tanapox cases in wildlife reserve, South Africa, 2024 

Case no. Age, y/sex Location 
Symptom 
onset date No. lesions Body part affected 

Laboratory-
confirmed* 

1 12/M KNP staff residence Feb 8 8 Elbow, hand, finger Y 
2 33/F KNP staff residence Feb 8 1 Shin Y 
3 43/F KNP staff residence Feb 19 1 Knee Y 
4 41/M KNP staff residence Early Feb 2 Fingers N 
5 38/M KNP staff residence Feb 10 1 Back of knee Y 
6 34/M KNP staff residence Feb 19 1 Big toe Y 
7 58/M KNP staff residence Feb 27 1 Knee Y 
8† 47/M Open camp, KNP Mar 3 3 Elbow, hand Y 
9 33/M KNP staff residence Mar 13 1 Hand Y 
10‡ >30/M Private camp, greater KNP Unknown Unknown Unknown N 
11‡ >30/M Private camp, greater KNP Unknown Unknown Unknown Y 
*Confirmed by PCR and sequencing of dry swab sample of lesion, following previously described methods (3). KNP, Kruger National Park.
†Lesion swab sample accompanied by skin punch biopsy for electron microscopy.
‡No complete questionnaire submitted with lesion swab sample.
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nodules were just mosquito or insect bites, but most 
case-patients said nodules later became painful (Fig-
ure 2). Case-patients reported other symptoms of 
TANV infection, most consistently headaches, my-
algia, and fatigue (Figure 2). Among 3 case-patients 
who reported a maculopapular viral exanthem, 2 de-
scribed a generalized distribution over the torso.

An initial misdiagnosis of impetigo in some pa-
tients prompted topical antibiotic treatment, and 
1 person was treated with intravenous antibiotic 
drugs for a suspected superinfection associated with 
lymphadenitis. Lesion development described in 
questionnaires by 2 persons detailed the progres-
sion from an itchy bite to a firm, circular nodule 
with an erythematous base (Appendix Figure 2). 
The centrally umbilicated nodules, some of which 
enlarged to 20 mm diameter, remained firm and 
noncystic. Other nodules ulcerated at a diameter of 
<15 mm, forming craters with raised edges around 
a necrotic central area. Subsequent crusting and re-
epithelialization began around the circumference, 
and concurrent tissue granulation developed in the 
center. About 25 days after symptom onset, the cen-
tral tissue dried to form a scab, which darkened and 
sloughed off ≈3 weeks later. The initial erythematous 
areola surrounding each lesion persisted for the du-
ration of lesion development, with varying degrees 
of associated edema and inflammation. Extensive in-
flammation, for example affecting an entire forearm 
(Appendix Figure 2), was more likely to be associ-
ated with local lymphadenopathy.

NICD compiled tanapox information for online 
public dissemination (12). NICD also alerted regional 
stakeholders, including the provincial health depart-
ment, private practitioners, managers of wildlife re-
serves, and training facilities in the area, and asked 
them to further distribute tanapox information.

Serendipitous feedback included the possibility 
of 2 tanapox cases acquired by visitors to the Pafuri 
area of KNP in February 2021 (Figure 1). On tel-
ephonic follow-up, we suspected clinical diagnoses 
of tanapox in the 2 adult male visitors on the basis 
of a suitable environment (omnipresent nonhuman 
primates and a perceived abundance of mosquito 
vectors after high rainfall recorded in previous 
weeks), lesion attributes (photographic evidence 
of number, placement, and appearance), as well 
as other recalled symptoms, including headaches, 
myalgia, and extreme fatigue. Both men sought 
medical assistance; 1 had his lesion excised, and the 
other was placed on intravenous antibiotic drugs 
because of apparent purulence of 1 of the lesions, 
possibly associated with a diabetically compro-
mised immune system. 

Conclusions
This cluster of cases strongly suggests autochthonous 
TANV transmission is occurring in the KNP area. 
Therefore, residents, workers, and visitors to KNP 
and surrounding areas need to be aware of the pos-
sibility of tanapox during February and March, after 
peak summer rainfall. Because no evidence supports 
the assumption that inflammation associated with 
tanapox nodules is caused by a bacterial superinfec-
tion, clinicians should be aware of tanapox symptoms 
and pathogenesis and avoid antibiotic use. Instead, 
clinicians can provide more applicable patient man-
agement by reducing anxiety, unnecessary medical 
procedures, and expense. As with any mosquito-
transmitted virus, persons at risk for mosquito ex-
posure should follow recommendations for using 
mosquito repellents and bed nets, especially consid-
ering that no antiviral drugs or vaccines for TANV 
are available. 

Figure 2. Clinical data from 
a cluster of human tanapox 
cases in wildlife reserve, South 
Africa, 2024. Data represent 
9 laboratory-confirmed cases 
of 11 persons for whom lesion 
samples were submitted.
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Syphilis has experienced an alarming global re-
surgence over the past 2 decades, evolving into a 

major public health concern across developed nations 
(1). Ocular syphilis, known as the great masquerader, 
can involve any ocular structure and can occur at any 
stage of the disease; ocular syphilis frequently serves 
as the sentinel manifestation of an undiagnosed HIV 
infection (2,3). Although uveitis is the most common 
manifestation of ocular syphilis, vascularized iris 
masses, spanning a clinical spectrum from iris roseola 
and papulosa to iris nodosa and gummata, represent 
an exceptionally rare and poorly characterized phe-
notype (4). Fewer than 15 cases have been reported in 
English-language literature (5–8), and paradoxically, 
despite the synergy between syphilis and HIV infec-
tion, iris lesions are even more infrequent in persons 
with advanced immunosuppression (9). 

The formation of structured nodules or gummata 
typically represents an inadequate or failed delayed-
type hypersensitivity (DTH) reaction (8). Differen-
tial diagnosis is challenging because the lesions can 
mimic other inflammatory, neoplastic, or opportu-
nistic fungal processes in patients with HIV. Multi-
modal ultrasound biomicroscopy (UBM) imaging 
and anterior segment optical coherence tomography 
(AS-OCT) can aid in lesion characterization, defining 
depth, internal composition, vascularity, and stromal 

involvement (5,8). We report a case of iris papulosa 
as a sentinel sign of syphilis in a patient in Spain with 
HIV infection.

The Case
In 2025, a 51-year-old man with a history of HIV, de-
pression, and substance abuse (amphetamines and 
cocaine) sought care for 3 days of right-eye pain and 
vision loss. Facial maculopapular rash suggested sec-
ondary syphilis (Figure 1, panel A). Best-corrected 
visual acuity was hand motion in the right eye and 
20/20 in the left eye. Intraocular pressures were 8 mm 
Hg in the right eye and 10 mm Hg in the left eye. Slit-
lamp examination of the right eye revealed marked 
conjunctival hyperemia, a vascularized nonpigment-
ed iris base mass, corneal edema, mutton-fat keratic 
precipitates, posterior synechiae, and 3+ anterior 
chamber cells and flare (Figure 1, panel B). Ocular ul-
trasonography ruled out vitreous inflammation and 
retinal detachment. UBM revealed a well-defined, ho-
mogeneous hyperechoic iris stromal mass with ciliary 
body involvement and iris pigment epithelium dis-
ruption (Figure 2, panel A). AS-OCT demonstrated 
a homogeneous lesion with irregular hyperreflective 
anterior surface, internal hyperreflectivity, posterior 
shadowing, iris pigment epithelium disruption, ke-
ratic precipitates, and anterior chamber cells (Figure 
2, panel B).

Ocular syphilis was confirmed by rapid plasma 
regain (titer 1:256) and positive Treponema pallidum 
microparticle enzyme immunoassay. Lumbar punc-
ture was performed, and cerebrospinal fluid tested 
T. pallidum–negative. HIV viral load was 25 copies/
mL; CD4+ cell count was 13% (300 cells/μL). HIV 
history was unavailable because of poor follow-up; 
the patient reported intermittent, poorly adherent an-
tiretroviral therapy but was taking it during uveitis 
diagnosis, which explains viral suppression despite 
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persistent immunosuppression. No viral loads or 
CD4 counts were available from the previous year. 
Serologic tests for tuberculosis, sarcoidosis, hepatitis, 
and toxoplasmosis were negative. 

We administered intravenous ceftriaxone (2 g/d 
for 5 d) as an initial bridging therapy at home while 
we arranged logistics for in-home intravenous peni-
cillin G (18 million units/d for 10 d) (10). Adjunctive 
therapy included 1% topical prednisolone acetate 
(4×/d), 1% cycloplegic agent (atropine; 2×/day, and 
systemic prednisone initiated at 30 mg/day and ta-
pered over 2 weeks. At 1 month, best-corrected vi-
sual acuity recovered to 20/20, and repeat UBM and 
AS-OCT confirmed complete lesion resolution in the 
right eye.

Ocular syphilis most commonly occurs dur-
ing the secondary stage of T. pallidum infection (6). 
Among its diverse phenotypes, vascularized iris 
masses, including iris roseola, papulosa, nodosa, 
and gummata, are considered exceptional but highly 
suggestive of treponemal disease (5,6). Such lesions 

are thought to result from T. pallidum capillary en-
gorgement or focal inflammatory infiltration, rep-
resenting a spectrum of progressively intensifying 
inflammatory responses (6). Iris roseola, the earli-
est manifestation in secondary syphilis, consists of 
dilated capillaries or vascular tufts and can evolve 
into iris papulosa, single or multiple nodules, and 
subsequent iris nodosa, reflecting increasing granu-
lomatous stromal infiltration (5,7,11). In contrast, 
iris gummata typically occur in later stages, pre-
senting as poorly vascularized nodules with central 
degeneration that represent chronic granulomatous 
inflammation associated with impaired cellular im-
mune control (5,6,8).

In a comprehensive review of reports published 
in English, we identified only ≈13 cases of vascu-
larized iris masses documented since 1915 (5–9) 
(Appendix Table, https://wwwnc.cdc.gov/EID/
article/32/7/26-0388-App1.pdf). One case of a 
large syphilitic iris granuloma in a patient with HIV 
infection has been highlighted in recent reviews,  

Figure 1. Clinical findings of 
a vascularized iris mass as 
sentinel manifestation of syphilis 
in patient with HIV infection, 
Spain, 2025. A) Maculopapular 
facial rash consistent with 
secondary syphilis. B) Slit-lamp 
photograph demonstrating a 
nonpigmented, vascularized 
iris base mass with conjunctival 
hyperemia, corneal edema, and 
mutton-fat keratic precipitates.

Figure 2. Imaging for a 
vascularized iris mass as 
sentinel manifestation of syphilis 
in patient with HIV infection, 
Spain, 2025. A) Ultrasound 
biomicroscopy revealing a well-
defined hyperechoic iris mass 
with ciliary body involvement. 
B) Anterior segment optical 
coherence tomography showing 
a homogeneous hyperreflective 
stromal lesion with keratic 
precipitates and inflammatory 
cells in the anterior chamber. 
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whereas most published cases occurred in patients 
without HIV or with unreported HIV status (9) 
(Appendix Table).

The co-occurrence of syphilitic iris nodules and 
HIV infection appears paradoxically rare. Despite the 
epidemiologic synergy between HIV and syphilis, iris 
granulomas are reported less often among persons 
with HIV infection than in immunocompetent hosts 
(12). Gummata represent chronic granulomatous le-
sions arising from a failure of effective DTH reaction 
to T. pallidum, reflecting impaired cellular immune 
control (8). In HIV infection with CD4+ depletion, 
the immune system might lack the capacity for such 
granulomatous responses (13). Consequently, syphi-
lis in patients with HIV more frequently manifests as 
severe, diffuse inflammation or posterior segment in-
volvement, rather than discrete iris nodules (12,13). 
The pronounced granulomatous iris mass in this pa-
tient, despite CD4+ of 300 cells/μL, suggests residual 
capacity for granuloma formation despite DTH im-
pairment, possibly due to partial immune reconstitu-
tion or localized immune responses.

In patients with HIV, a solitary vascularized iris 
mass substantially broadens the differential diagno-
sis. Syphilitic nodules must be distinguished from 
neoplastic entities, other infections, or inflammatory 
causes (8,14). Among neoplastic causes, iris nevus 
typically presents as a flat or minimally elevated, well-
circumscribed pigmented lesion with slow growth 
and is usually asymptomatic, whereas iris melanoma 
tends to be more elevated and might exhibit intrinsic 
vascularity, corectopia, uveal ectropion, and progres-
sive enlargement. Iris metastases are typically amela-
notic and often identified in patients with a known 
primary tumor (15). Intraocular lymphoma, although 
less common, can appear as diffuse iris infiltration, of-
ten accompanied by chronic inflammation. Infectious 
causes of iris granulomas include ocular tuberculosis 
in the setting of chronic granulomatous uveitis, often 
with systemic involvement (5,15).

Anterior segment imaging can support diag-
nostic evaluation by helping define lesion depth 
and internal characteristics, thereby contributing 
to the differential diagnosis among inflammatory, 
neoplastic, and alternative infectious causes. How-
ever, the diagnosis of ocular syphilis remains pri-
marily clinical and serologic, and imaging findings 
can further aid in lesion characterization and moni-
toring treatment response (5,6).

Conclusions
Vascularized iris masses represent an exceptionally 
rare manifestation of ocular syphilis; only ≈13 cases 

have been reported in the literature, and just 1 pre-
vious case was described in a patient with HIV co-
infection. Our case demonstrates that, even in HIV 
infection, syphilis manifestations can present as a 
localized anterior segment mass rather than diffuse 
ocular inflammation. Internists and infectious dis-
ease physicians should be aware that an unexplained 
iris mass, particularly in patients at risk for sexu-
ally transmitted infections, could represent syphilis. 
Prompt serologic testing and appropriate parenteral 
therapy are essential to preventing irreversible visual 
and neurologic complications.
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Nipah virus (NiV; Henipavirus nipahense) and Hen-
dra virus (H. hendraense) are species within the 

genus Henipavirus of the family Paramyxoviridae (1). 
Several paramyxoviruses, including measles virus 
and respiratory syncytial virus, cause serious respi-
ratory illnesses and are often highly transmissible 
through the air. NiV can cause severe outbreaks in 
humans; its clinical symptoms range from subclinical 
infection to severe encephalitis, respiratory diseases, 
and death (2). Reported case-fatality rate (CFR) of 
NiV encephalitis is 61% (95% CI 45.7%–75.4%) (2,3). 

NiV emerged in 1998 in Malaysia and Singapore 
(4). Subsequent outbreaks were reported from Ban-
gladesh, the Philippines, and India; they resulted in 
>643 laboratory-confirmed infections and 380 deaths
(2). Bats (flying foxes, Pteropus spp.) are the known
reservoir hosts of NiV (5). Transmission from bat to
human occurs via exposure to urine, either through
consumption of raw palm sap contaminated with
bat excreta, direct contact with infected intermediate
hosts (e.g., swine), or direct contact with bat urine (5).
In 2023 several cases of Nipah virus were reported
from Kozhikode, Kerala district, India, and in Dhaka,
Rajbari, and Shariatpur districts in Bangladesh (6).
The shortest distance between Mannar Island, Sri
Lanka, and Natarajapuram, India, is <55 km; Pteropus
spp. bats are reported to migrate >450 km with ease

(7). In this study, we monitored urine excreted by 
several colonies of P. medius bats in Sri Lanka for the 
presence of viruses using molecular techniques. Our 
focus was to investigate if NiV is present in Sri Lanka 
and to determine the measures required to prevent 
spillover into humans. We obtained ethics approval 
for this study from the Institute of Biology, Sri Lanka 
(WL/3/2/05/18) and necessary clearance from the 
Department of Wildlife Conservation, Sri Lanka.

The Study
During March 2018–June 2019, we monitored P. me-
dius bat colonies for shedding of pathogens in Colom-
bo, Mannar, Anuradhapura, and Badulla, Sri Lanka. 
We laid clean sampling sheets below roosting trees 
in the early morning and transferred excreted urine 
drop by drop to sterile microtiter plates in the morn-
ing using disposable pipettes. We conducted all work 
while wearing appropriate personal protective equip-
ment (PPE) as previously described (5).

We collected a total of 2,218 urine samples and 
combined them into 32 pools with <8 urine specimens 
each. We extracted RNA from the individual pools 
using the QIAamp Viral RNA Mini Kit (QIAGEN, 
https://www.qiagen.com). We performed Nipah vi-
rus screening using real-time PCR targeting the phos-
phoprotein (P) gene, as previously described (8). As 
an additional confirmation, we developed a real-time 
PCR targeting the nucleocapsid protein of the Nipah 
virus genome (Table 1).

We used Illumina HiSeq (https://www.illumina.
com) to sequence the NiV positive pools S3_P02 and 
S18_P08 (2 of 32 pools). We trimmed using Trimmo-
matic (9) and mapped to NiV strain MCL-18-H-1088 
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Nipah virus causes outbreaks in humans with high case-
fatality rates. In this study, we confirmed the presence of 
Nipah virus in Sri Lanka in Pteropus medius fruit bats, 
one of the known natural reservoir species. Sequences 
we generated were genetically related to Nipah virus 
strains from outbreaks in southern India.

1These first authors contributed equally to this article.
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(accession no. MHK523642; Kerala, India) as a ref-
erence strain. In addition, we developed an Am-
pliSeq primer panel, NiVliSeq, spanning the whole 
NiV genome using Primer3 version 2.3.7 (Figure 1; 
Appendix Table, https://wwwnc.cdc.gov/EID/
article/32/7/25-1567-App1.xlsx). We sequenced cor-
responding PCR products on the MinIon platform 
as described previously (10,11). We submitted draft 
genomes to GenBank (accession nos. PP893186–9) 
and aligned them with NiV strains and type spe-
cies of paramyxovirus genomes indicated by the  
International Committee on Taxonomy of Viruses 

and available in GenBank. We calculated phyloge-
netic molecular clock reconstruction with MrBayes 
version 0.39 software (https://nbisweden.github.io/
MrBayes) using Markov chain Monte Carlo approach 
of molecular clock reconstruction based on the gen-
eral time reversible model with the parameters set 
at 1 million replicates, 4 chains, and burn in at 10% 
(partial large sequence 7,977 nt; coding for the RNA-
dependent RNA polymerase  gene, of the subfamily 
Orthoparamyxovirinae).

We collected pool S3_P02 and pool S18_P08 in 
Colombo; both tested positive for NiV using the 
henipavirus quantitative PCR (qPCR) targeting the 
P  gene (8). The NiV qPCR (targeting the nucleo-
capsid gene) further confirmed NiV in the same 
sample pools (Table 2). Sequencing revealed cor-
responding NiV reads in the 2 sample pools that 
we mapped over the entire NiV genome (Table 2), 
providing additional confirmation. The NiVliSeq 
approach revealed 93% of the NiV genome from 
pool S3_P02 and 98% of NiV genome for pool S18-
08, (Table 2). Comparison of the NiV genomes with 
the GenBank database revealed the highest identity 
to a strain collected from a human patient during 
the 2018 outbreak in Kerala, India (accession no. 
MH396625); the genomes from pool S3_P02 and 
pool S18-08 each had 98% nucleotide identity to the 
Kerala strain. We named the Sri Lanka NiV strains 
in accordance with the system used for the India 
strains: NiV strain C-18-B-0302 Sri Lanka (accession  

Table 1. Primers and cycling conditions for quantitative PCR 
assay developed for study of NiV shedding in urine from fruit 
bats, Sri Lanka, 2018–2019 
Component Conditions 
Primers 

NiV_F AAA TCA AGT TGC AGA ACT CGC T 
NiV_R CTC CRA TGA GCA CAC CTC CTG 
NiV Probe FAM-CTT CCT GCT GAT GTT TC- MGB 

Protocol† AgPath-ID One-Step RT-PCR Kit,‡ 6 µL 
H20, 12.5 µL RT buffer, 1 µL NiV_F (10 

µM), 1 µL NiV_R (10 µM), 0.5 µL 
NiVN_probe (10 µM), 1.0 µL enzyme mix 

(25) 
Cycling conditions 45°C for 900 s, 95°C for 600 s, 95°C for 15 

s for 45 cycles, 60°C for 45 s 
Cycler types Light Cycler 480,§ ABI 7500,‡ Bio-Rad 

CFX 96¶ 
*F, forward primer; FAM, fluorescein amidites; MGB, minor groove binder;
NiV, Nipah virus; R, reverse primer.
†The primers listed are all included in the mix. 
‡Applied Biosystems, https://www.thermofisher.com.
§Roche Life Science, https://lifescience.roche.com.
¶Bio-Rad Laboratories, https://www.bio-rad.com.

 

Figure 1. Positions of primers used for NiVliSeq amplification panel in study of Nipah virus shedding in urine from fruit bats, Sri Lanka, 
2018–2019. Blue and green represent 2 nonoverlapping primer pools to which the primers were added.
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no. PP893186.1) and NiV strain C-19-B-1808 Sri 
Lanka (accession no.  PP893188.1). In that nomen-
clature, C denotes Colombo, 18 and 19 indicate the 
years 2018 and 2019, B denotes bat, and the remain-
ing numbers represent the sample number.

Phylogenetic analysis allocated the novel Nipah 
virus strains C-18-B-0302 Sri Lanka and C-19-B-1808 
Sri Lanka to the species Nipah virus (H. nipahense) 
within the genus Henipavirus (Figure 2). Both are 
clustering monophyletically with the strains sampled 
from humans during the outbreaks in Kerala region, 
India in 2007, 2018, 2019, 2021, and 2023.

Conclusions
This study demonstrated the presence of NiV strains 
in Sri Lanka. The qPCR and NiVliSeq sequencing ap-
proach we developed validated previously obtained 
results and represented valuable tools that can be used 
in further studies. The identified strains have highest 
similarities to human-pathogenic strains causing re-
cent outbreaks in India (2007, 2018, 2019, and 2023). 
However, NiV is still a rare disease, and transmission 
rates are comparably low. Furthermore, the detection 
of a certain virus in a bat population does not neces-
sarily mean that transmission occurs; diverse strains 
of henipaviruses can be found in Pteropus spp. bats 
across the whole distribution range. 

The initial prevention of any infection should 
be one of the major goals and could include pro-
tection of the bats and their roosts. Bat colonies are  

vital for healthy ecosystems and should be protected 
for several reasons, including the ecosystem services 
they provide such as pollination and seed dispersal. 
Moreover, Pteropus spp. bats are threatened by extinc-
tion (12). The World Health Organization (WHO) has 
recognized the need for research and diagnosis of NiV 
within the distribution range of Pteropus spp. (13).

Understanding the mechanisms influencing 
shedding of NiV will likely prevent further spread; 
NiV shedding likely also follows seasonal and tem-
poral pulses previously reported for Hendra virus 
(14–15). We recognize that disease emergence might 
be a result of disturbance within ecologic systems and 
hence cannot be alleviated by further disturbance. As 
a tropical country, Sri Lanka has complex and diverse 
ecosystems; its resilience to climate change may be 
better than other regions of the world. 

The potential of zoonotic bat-to-human trans-
mission of NiV could be minimized by preventive 
measures. Such measures could include education 
of healthcare workers to raise appropriate awareness 
for NiV, equipment and training for the early detec-
tion of NiV RNA in clinical specimens, preparation 
for clinical management of NiV-positive patients, and 
messaging the public about avoidance of known in-
fection routes to prevent transmission (i.e., circular 
fencing of trees with roosting bats).

This article was preprinted at https://www.biorxiv.org/
content/10.1101/2024.07.31.605971v1.

 
Table 2. Sequencing results for NiV-positive bat urine samples in study of NiV shedding in urine from fruit bats, Sri Lanka, 2018–2019* 

Characteristic 
Bat urine pools tested positive for NiV 

S03-P2 S18-08 
Origin Pteropus medius, Colombo P. medius, Colombo 
Sampling date June 2018 March 2019 
PCR   
 Henipa PCR   
  Ct value 33 35 
  Mean duplicates 8 6 
 NiV in-house   
  Ct value 32 37 
  Mean duplicates 3 7 
Illumina sequencing, shotgun† 
 Trimmed reads 5,094,516 5,633,085 
 NiV reads 128 20 
 Longest contig 481 nt (accession no. PP893187.1) 255 nt (accession no. PP893189.1) 
 Highest % ID nt 98.96% MCL-18-H-1088 (accession no. 

MHK523642)‡ 
99.61% (accession no. MN549404.1)§ 

NiVliSeq, amplicon-based approach¶ 
 Genome length and coverage 93% query, 189-fold average (>10-fold) 98% query, 8,783-fold average (>10-fold) 
 Highest % ID nt 98.34%‡ 98.43%‡ 
 Novel strain Nipah virus strain C-18-B-0302 Sri Lanka 

(accession no. PP893186.1) 
Nipah virus strain C-19-B-1808 Sri Lanka 

(accession no. PP893188.1) 
*Ct, cycle threshold; NiV, Nipah virus; % ID, percentage identity of nucleotide and amino acid sequence between pool and reference strain.  
†Illumina, https://www.illumina.com. 
‡Reference strain MH396625 (GenBank accession no.) from a human patient during the 2018 outbreak in Kerala, India.  
§Reference strain from a bat in India.  
¶ AmpliSeq primer panel spanning the whole NiV genome using Primer3 version 2.3.7 (Figure 1; Appendix Table, 
https://wwwnc.cdc.gov/EID/article/32/57/25-1567-App1.xlsx). 
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Figure 2. Phylogenetic reconstruction of subfamily Orthoparamyxovirinae viruses in study of NiV shedding in urine from fruit bats, 
Sri Lanka, 2018–2019. The alignment is based on the partial large gene (7,977 nt) coding for the RNA-dependent RNA polymerase. 
Calculation was done using a MrBayes Markov chain Monte Carlo approach of molecular clock reconstruction based on the general 
time reversible model with the parameters set at 1 million replicates, 4 chains, and burn-in at 10%. Blue shading and green shading 
indicate distinct genera of paramyxoviruses. Red shading highlights the novel strains from Sri Lanka. Node numbers indicate 
posterior probability. We used a simian orthorubulavirus as an outgroup. Scale bar indicates branch length. NiV, Nipah virus; P. 
medius, Pteropus medius.
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Klebsiella aerogenes (formerly Enterobacter aerogenes) 
is a gram-negative bacillus present in the envi-

ronment and human gut microbiota and is an uncom-
mon cause of community-acquired skin and soft tis-
sue infections. Since 2025, a pattern of relapsing facial 
folliculitis caused by K. aerogenes has been reported 
in France, Belgium, and Spain (1–3). Those cases oc-
curred exclusively among men who have sex with 
men (MSM), which strongly suggests that K. aerogenes 

could be an emerging sexually transmissible patho-
gen within that population (1–3). Whole-genome se-
quencing (WGS) of 4 isolates from Belgium revealed 
they all belonged to sequence type (ST) 117 (2), sug-
gesting the emergence of a particular clone. Unfortu-
nately, isolates reported in France and Spain were not 
sequenced, precluding confirmation of that hypoth-
esis (1,3). We describe a multinational case series of 
17 MSM with recurrent K. aerogenes facial folliculitis 
(KAFF) and analyze their epidemiologic, clinical, mi-
crobiologic, and genomic characteristics to assess the 
emergence of a specific lineage.

The Study
We retrospectively identified cases through clinician 
notification within the Dermatologic Infectiology and 
Sexually Transmitted Infections Working Group in 

Recurrent Facial Folliculitis  
Caused by Klebsiella aerogenes 

Sequence Type 117 in Men  
who Have Sex with Men
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We describe 17 cases of recurrent facial folliculitis caused 
by Klebsiella aerogenes bacteria in men who have sex 
with men in France, Belgium, and the United States. 
Whole-genome sequencing showed all isolates belonged 
to sequence type 117 or related lineages. Our findings 
suggest sexual transmission and highlight emerging clini-
cal and public health concerns.



	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 7, July 2026	 1173

Paris, Lyon, and Chambéry, France; Brussels, Bel-
gium; and Austin, Texas, USA. We extracted clinical 
data from medical records. We defined disease dura-
tion as the time from symptom onset to healing or last 
follow-up. We recovered 24 K. aerogenes isolates from 
17 patients, with multiple isolates in cases of recur-
rence or longitudinal sampling.

All 17 patients were MSM; median age was 35 
years (interquartile range [IQR] 31.5–45.5 years) 
(Appendix 1 Table, https://wwwnc.cdc.gov/EID/
article/32/7/26-0572-App1.xlsx). None of the pa-
tients were HIV-positive or immunocompromised; 9 
were receiving HIV preexposure prophylaxis (PrEP). 
Ten patients reported history of sexually transmitted 
infections (STIs); 11 had a remote history (>10 years 
earlier) of acne treated with isotretinoin, doxycycline, 
or both, followed by a prolonged symptom-free in-
terval before the folliculitis. Eight patients reported 
regular attendance at communal facilities (hot tubs, 
saunas, swimming pools, or gyms). We classified le-
sions as superficial for follicular pustules or inflam-
matory papules, deep for painful purulent nodules 
indicating deeper follicular involvement, or mixed. 
Lesions were exclusively facial, predominantly in the 
beard and mustache areas (Figure 1).

The median time from lesion onset to diagnosis 
was 7 (IQR 1.5–16) months. Before K. aerogenes iden-
tification, patients received antimicrobial drugs tar-
geting gram-positive cocci without improvement. In 
recurrent or persistent cases, repeated cultures con-
sistently yielded K. aerogenes. Nasal swab cultures 

were positive in 8 (73%) of 11 tested patients. Myco-
logic samples remained negative, thereby excluding 
tinea barbae. Median disease duration was 23 (IQR 
9–54) months. Thirteen patients initially responded 
to targeted antimicrobial therapy but relapsed within 
1–3 weeks after discontinuation. Overall, 12 patients 
did not achieve cure, 2 achieved sustained remission, 
2 were still under treatment, and 1 did not complete 
follow-up care.

We performed WGS on all 24 isolates using short-
read technology (Hiseq; Illumina, https://www.
illumina.com). We conducted multilocus sequence  
typing (MLST) and resistome analysis using PubMLST 
(https://pubmlst.org) and ResFinder (https://genepi. 
food.dtu.dk/resfinder) databases. All folliculitis iso-
lates belonged to ST117, except 1 ST117-like isolate 
(1FOLC4) with 1 nucleotide variation in rplB. One 
isolate (1FOLB1) acquired the sul2 gene, conferring  
sulfamethoxazole resistance, which was absent in ear-
lier isolates from the same patient; no other acquired 
resistance genes were detected.

We assessed genetic diversity and relatedness 
phylogenetic analysis using SNIppy version 4.6.0 
(https://github.com/tseemann/snippy); reference 
genome was strain 1FOLA5. Analysis included 4 ad-
ditional K. aerogenes ST117 isolates from the French 
National Reference Center for carbapenem resistance, 
which were unrelated to folliculitis cases and genomes 
from a previous study (2). Folliculitis-associated iso-
lates were highly divergent from unrelated ST117 iso-
lates (>520 single-nucleotide polymorphisms [SNPs]) 

Figure 1. Clinical appearance 
of patients in study of Klebsiella 
aerogenes sequence type 117 
facial folliculitis in men who 
have sex with men in France, 
Belgium, and the United States. 
A) Beard sycosis with painful 
purulent lesions (deep folliculitis). 
B) Papulopustular lesions in 
the beard region, consistent 
with both superficial and deep 
folliculitis. C) Pustular lesions of 
the mustache and beard area 
(superficial folliculitis). D) Multiple 
erythematous papules and 
pustules involving the right cheek 
and chin (superficial folliculitis).

 Folliculitis Caused by K. aerogenes in MSM
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but clustered together regardless of geographic ori-
gin (Figure 2; Appendix 2 Figure). Within that cluster, 
pairwise distances were 1–159 SNPs; for most isolates 
they were 60−80 SNPs (Figure 2; Appendix 2 Figure). 
Given an estimated evolutionary rate of 7–10 SNPs 
per year in Enterobacterales (4), those observed dis-
tances suggest a recent common ancestor and sup-
port the recent emergence and international dissemi-
nation of this lineage within interconnected MSM  
sexual networks. 

Conclusions
Although K. aerogenes is not considered a sexually 
transmitted pathogen, our findings support trans-
mission through intimate contact: all cases occurred 
in MSM, many patients had previous STIs or were 
receiving PrEP, and the distribution of lesions is 
compatible with exposure during oro-anal contact. 
However, direct evidence of sexual transmission is 
lacking, no contact tracing was conducted, no docu-
mented transmission events were identified, and 

alternative routes including shared environmental 
exposures cannot be excluded. The emergence and in-
tercontinental dissemination of enteric pathogens in 
MSM, such as Shigella spp., Campylobacter jejuni, and 
extended-spectrum β-lactamase–producing Entero-
bacterales, have been well documented (5–7). Rectal 
swab specimens were collected from some patients to 
assess potential enteric carriage, but K. aerogenes was 
not identified within the fecal Enterobacterales flora. 
Similarly, sexually transmissible dermatophytes, such 
as Trichophyton mentagrophytes internal transcribed 
spacer genotype VII, as well as monkeypox virus, il-
lustrate the expanding spectrum of pathogens trans-
mitted through intimate contact (8,9). Because half of 
the patients in this investigation reported exposure 
to communal water facilities, nonsexual transmission 
may also occur. The condition might be better clas-
sified as sexually transmissible, rather than strictly 
sexually transmitted (10).

KAFF appears to be an uncommon and likely un-
derrecognized condition, consistent with previous  

Figure 2. SNP-based phylogeny of Klebsiella aerogenes sequence type (ST) 117 and related isolates from study of facial folliculitis 
in men who have sex with men in France, Belgium, and the United States. Phylogenetic tree shows 24 folliculitis-associated isolates 
from 17 patients, 4 unrelated ST117 isolates from the French National Reference Center not implicated in folliculitis, and 4 ST117 
folliculitis isolates collected in Belgium in 2025 (2). An expanded version of this figure is available online (https://wwwnc.cdc.gov/EID/
article/32/7/26-0572-App2.pdf). F-NRC, French National Reference Center; SNP, single-nucleotide polymorphism.
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reports of gram-negative folliculitis in patients who had 
acne after prolonged antibiotic exposure (11,12). Because 
K. aerogenes is not a recognized skin pathogen, it may be 
overlooked in cutaneous samples, which contributes to 
underdiagnosis. The broad clinical spectrum, from su-
perficial to disfiguring folliculitis, suggests a major role 
for host factors (11). Its strict facial localization points to 
regional determinants such as sebum composition and 
the follicular microenvironment (13). Previous use of 
systemic antimicrobial drugs can disrupt the cutaneous 
and nasal microbiome, reducing colonization resistance 
and promoting the emergence of gram-negative organ-
isms such as K. aerogenes (2,11–13).

We observed nasal colonization consistent with 
previous descriptions of gram-negative folliculitis 
(11,12), supporting the hypothesis that the nasal cav-
ity is a reservoir for K. aerogenes (2,3,12). However, 
its clinical significance and role in recurrence remain 
unclear. A study in Guangzhou, China, reported na-
sal carriage rates of ≈30% among MSM; that study 
identified 2 ST117 strains, supporting international 
dissemination of that lineage (14). In several patients, 
relapses occurred despite elimination of predisposing 
factors, suggesting persistence in a difficult-to-erad-
icate reservoir (1). Dysbiosis of skin microbiota and 
bacterial factors such as virulence traits or biofilm for-
mation might also contribute to persistence and treat-
ment failure (13,14,15).

Therapeutic management of KAFF remains chal-
lenging (1–3). Although trimethoprim/sulfamethox-
azole or fluoroquinolones often lead to apparent 
clinical cure, relapses commonly occur soon after 
treatment discontinuation (1–3). Those recurrences 
have prompted consideration of nonantimicrobial 
approaches such as oral isotretinoin (1,3), which 
might act by reducing sebum production and follicu-
lar reservoirs rather than through direct antibacterial 
activity (12). By limiting repeated antimicrobial expo-
sure and associated cutaneous dysbiosis, isotretinoin 
could help restore microbial balance (13), although 
its mechanisms and clinical effectiveness in KAFF re-
main uncertain. The emergence of the recurrent treat-
ment-refractory ST117 clone in MSM is particularly 
concerning in the context of increasing antimicrobial 
pressure from routine STI management and imple-
mentation of doxycycline postexposure prophylaxis.

Our observations highlight the need for further 
research into the virulence determinants of K. aero-
genes ST117, its reservoirs, and its modes of transmis-
sion. Studies integrating clinical data, microbiology, 
and microbiome analyses will be crucial to clarify 
the role of host factors, antimicrobial exposure, and 
skin ecosystem disruption in the pathogenesis and  

persistence of that pathogen and determine the op-
timal therapeutic strategy. Surveillance in sexual 
health clinics and dermatology care will better define 
the burden of KAFF and guide prevention strategies.
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Congenital syphilis is preventable through antena-
tal screening and treatment of pregnant women 

(1); however, a resurgence of congenital syphilis has 
been observed (2). During 2018–2022, rates surged by 
599% in Canada (3) and 81.8% in the United States (4); 
slight increases were also noted in Europe (5). That 
increase stems from multiple factors, including lim-
ited healthcare access, substance use, and migration 
(6), which can introduce legal, cultural, and language 

barriers that heighten vulnerability (7). We analyzed 
trends in congenital syphilis in Spain during 2016–
2024 by maternal country of birth.

The Study
We analyzed confirmed cases of congenital syphilis 
in children <2 years of age reported to the National 
Epidemiologic Surveillance Network. In Spain, con-
genital syphilis has been a notifiable disease since 
1997, although changes were made to the maternal 
variables collected in 2016. We categorized cases ac-
cording to maternal country of birth: women born 
in Spain and women born elsewhere. We calculated 
annual incidence rates per 100,000 live births for 
each group using the annual number of live births 
in Spain as the denominator. We used the χ2 test to 
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The number of congenital syphilis cases in Spain remains 
low; 40 cases were confirmed during 2016–2024. How-
ever, a slight increase has been observed, particularly in 
children born to migrant mothers. Young maternal age, mi-
grant status, and social disadvantages are warning signs 
that underscore the need to strengthen prenatal screening.

1STIs Study Group team members are listed at the end of this article.
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compare proportions and the Kruskal-Wallis test to 
compare medians.

Forty confirmed cases were reported during the 
study period. One case was excluded because of miss-
ing information on maternal country of birth. Of the 
39 remaining cases, 12 (30.8%) cases involved children 
born to women born in Spain, whereas 27 (69.2%) cases 
involved infants of women born elsewhere (Figure). 
All children were born in Spain; no cases were classi-
fied as imported. From 2020 onward, incidence rates 
increased among women born outside Spain.

Of the infants born to women born in Spain, 
75.0% (n = 9) were boys, compared with 44.4% (n = 
12) for women born elsewhere (p = 0.096). Median 
age at diagnosis was 2 days in both groups; interquar-
tile range (IQR) was 1–28 days for children of women 
born in Spain and 1–7 days for children of women 
born elsewhere (p = 0.817). Symptoms were present 
in 50.0% (n = 6) of infants of women born in Spain and 
55.5% (n = 15) of infants of women born elsewhere (p 
= 0.950) (Table 1). No differences were observed in 
clinical manifestations.

Hospitalization percentages were similar in both 
groups: 83.3% (n = 10) among infants of women born 

in Spain and 81.5% (n = 22) among infants of wom-
en born elsewhere (p = 0.792). Complications were 
also comparable, occurring in 25.0% (n = 3) of chil-
dren born to women in Spain and 22.2% (n = 6) of 
children born to women born elsewhere (p = 0.241). 
Two deaths were reported; both were children born 
to women born in Spain.

A total of 38 women were included in this anal-
ysis; 11 (28.9%) were born in Spain and 27 (71.0%) 
outside Spain. One woman born in Spain gave birth 
to twins; congenital syphilis was diagnosed in both. 
Among women born outside Spain, most originated 
from countries in Latin America (n = 22), including 
Paraguay (n = 8) and Colombia (n = 4). Three were 
from Eastern Europe and 1 from Western Europe; in 1 
case, country of origin was not specified.

Women born in Spain were younger at the time of 
delivery than women born elsewhere (Table 2). Syph-
ilis screening had not been performed during preg-
nancy in 9.1% (n = 1) of women born in Spain and 
11.1% (n = 3) of women born elsewhere. Adequate 
treatment was recorded for 36.4% (n = 4) of women 
born in Spain and 22.2% (n = 6) of women born else-
where. Of the 39 women included in the analysis, 11 

Figure. Number of congenital 
syphilis cases and rates 
per 100,000 live births by 
mother’s place of birth, Spain, 
2016–2024.

 
Table 1. Clinical manifestations of congenital syphilis cases by mother’s place of birth, Spain, 2016–2024 

Manifestation 
No. (%) cases 

p value* Child born to woman born in Spain Child born to woman born outside Spain 
Symptomatology    
 Asymptomatic 2 (16.7) 4 (14.8) 0.950 
 Symptomatic 6 (50.0) 15 (55.6)  
 Unknown 4 (33.3) 8 (29.6)  
Clinical manifestations, symptomatic cases only†  
 Hepatosplenomegaly 4 (66.7) 8 (53.3) 0.577 
 Mucocutaneous lesions 3 (50.0) 4 (26.7) 0.306 
 Anemia 3 (50.0) 3 (50.0) 0.169 
 Central nervous system involvement 1 (16.7) 5 (33.3) 0.445 
 Jaundice 3 (50.0) 2 (13.3) 0.075 
 Nephrotic syndrome 1 (16.7) 1 (6.7) 0.481 
 Others 3 (50.0) 9 (60.0) 0.676 
*2 was used to calculate p values. 
†Clinical manifestations are nonexclusive categories. 
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were living in socially or economically disadvantaged 
circumstances. In 1 case, the mother’s syphilis was di-
agnosed after the diagnosis of congenital syphilis in 
the child; that woman was born in Spain.

Conclusions
Although the absolute number of congenital syphilis 
cases remains low in Spain, an increase has been ob-
served in recent years, particularly among women 
born outside Spain. The observed increase in cases 
might be considered a consequence of the rising num-
ber of syphilis cases among young women. Previous 
studies in Spain have shown that the greatest increas-
es in syphilis occurred among women 20–34 years of 
age (8) and women from Latin America (9). However, 
data are unavailable on the percentage of women with 
syphilis who were pregnant at the time of diagnosis or 
whose condition was diagnosed during delivery.

Of the confirmed congenital syphilis cases in 
this study, two thirds were in infants of women born 
outside Spain, whereas pregnancies among women 
born elsewhere accounted for only 25.6% of all preg-
nancies in 2024 (10). That difference might indicate 
unmet needs in antenatal care for migrant women, 

which pose risks to both child and maternal health, 
even though access to pregnancy, childbirth, and 
postpartum care is guaranteed to all women in Spain 
regardless of administrative status (11). Therefore, 
ensuring that migrants receive comprehensive infor-
mation regarding their own health and prenatal care 
during pregnancy, such as screening tests, is essential 
to guaranteeing adequate follow-up care.

Most women in this study originated from coun-
tries in Latin America, which also represents the larg-
est region of origin among migrants in Spain (10). 
Migration during pregnancy is not rare and poses a 
challenge for timely diagnosis and treatment of syph-
ilis in pregnant women.

Other factors, such as younger maternal age, 
might also contribute to increased vulnerability. Na-
tional data show a rising trend in maternal age in 
Spain. Among women born in Spain, the mean age 
at delivery increased from 32.5 years in 2016 to 33.1 
years in 2023, whereas among women born elsewhere 
it rose from 29.5 years to 30.5 years over the same pe-
riod (10). In contrast, the mothers in this analysis were 
younger; median age was 21.5 years for women born 
in Spain and 25 years for women born elsewhere.

 
Table 2. Maternal characteristics in study of trends in congenital syphilis cases by maternal country of birth, Spain, 2016–2024* 

Characteristic 
Value 

p value† Mother born in Spain† Mother born outside Spain 
Total no. women 11 (28.9) 27 (71.1)  
Median age at delivery (IQR), y 21.5 (19–33) 25 (22–29) 0.421 
Syphilis screening during pregnancy 0.877 
 First trimester 3 (27.3) 8 (29.6)  
 Third trimester 0 2 (7.4)  
 First and third trimester 2 (18.2) 2 (7.4)  
 Not documented 2 (18.2) 4 (14.8)  
 Not performed 1 (9.1) 3 (11.1)  
 Unknown 3 (27.3) 8 (29.6)  
Syphilis treatment 0.284 
 Without treatment 4 (36.4) 11 (40.7)  
 Appropriate treatment 4 (36.4) 6 (22.2)  
 Inappropriate treatment 0 4 (14.8)  
 During labor or delivery 3 (27.3) 2 (7.4)  
 Not documented 0 3 (11.1)  
 Unknown 0 1 (3.7)  
Maternal risk for syphilis   0.318 
 Yes 6 (54.6) 8 (29.6)  
 None 1 (9.1) 6 (22.2)  
 Unknown 4 (36.4) 13 (48.2)  
Risk factors, women with maternal risk for syphilis‡ 
 Disadvantaged situation 2 (33.3) 8 (100) 0.006 
 Engagement in sex work 1 (16.7) 1 (12.5) 0.825 
 Drug use 3 (50.0) 1 (12.5) 0.124 
 Unspecified factors 4 (66.7) 1 (12.5) 0.036 
Maternal HIV coinfection 0.430 
 Yes 0 0  
 No 9 (81.8) 23 (85.2)  
 Not testing 0 2 (7.4)  
 Unknown 2 (18.2) 2 (7.4)  
*Values are no. (%) except as indicated. 
†2 was used to calculate p values. 
‡Risk factors are nonexclusive categories. 
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Adverse birth outcomes related to congenital 
syphilis are closely linked to inadequate access to 
timely screening and treatment during pregnancy 
(12). Screening has also been shown to reduce syph-
ilis-related deaths by up to 50% (13). In this analysis, 
the percentage of women whose condition was ad-
equately diagnosed and treated was very low in both 
groups, underscoring the need for improved imple-
mentation of existing recommendations. Serologic 
screening for syphilis during pregnancy is recom-
mended at the first prenatal visit, and additional test-
ing should be performed during the third trimester 
and at delivery for women at high risk of acquiring 
syphilis (e.g., because of sex work, drug use, disad-
vantaged social conditions, or other sexually trans-
mitted infections during pregnancy) or if no test was 
performed during the first trimester (14,15). Although 
information on predisposing factors was available for 
a limited number of women, more than half (14/26) 
were in disadvantaged situations, highlighting the 
role of broader social determinants of health.

Epidemiologic surveillance data provide a com-
prehensive overview of trends in the general popu-
lation but have limitations. Under case definitions in 
Europe, only children <2 years of age are included, 
and fetal deaths or stillbirths caused by congenital 
syphilis are excluded, potentially leading to underdi-
agnosis. In addition, maternal information in surveil-
lance records is often incomplete. Enhancing those 
data could help elucidate existing gaps in prenatal 
care for pregnant women and identify groups that are 
more vulnerable to syphilis.

Our findings highlight the importance of ensur-
ing timely, accessible, and respectful prenatal care 
and syphilis screening for all pregnant women, par-
ticularly when social or structural vulnerabilities are 
present. Strengthening epidemiologic surveillance and 
reinforcing person-centered approaches in maternal 
care are essential steps toward preventing congenital 
syphilis and promoting maternal and child health.
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EID Podcast
Telework during  

Epidemic  
Respiratory Illness

Visit our website to listen:
 https://bit.ly/4vpkx3d

The COVID-19 pandemic has caused us 
to reevaluate what “work” should look like. 
Across the world, people have converted 
closets to offices, kitchen tables to desks, and 
curtains to videoconference backgrounds. 
Many employees cannot help but wonder if 
these changes will become a new normal.

During outbreaks of influenza, coronavi-
ruses, and other respiratory diseases, tele-
work is a tool to promote social distancing 
and prevent the spread of disease. As more 
people telework than ever before, employers 
are considering the ramifications of remote 
work on employees’ use of sick days, paid 
leave, and attendance. 

In this EID podcast, Dr. Faruque Ahmed, 
an epidemiologist at CDC, discusses the eco-
nomic impact of telework.
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Enterovirus D68 (EV-D68) typically causes respi-
ratory illness with symptoms such as difficulty 

breathing, fever, wheezing, and respiratory distress 
(1). Interest in EV-D68 has grown since 2014 because of 
associations with acute flaccid myelitis in children (2) 
and recent outbreaks in the United States and Europe 
(3). In a descriptive epidemiologic study of the 2014 US 
outbreak of medically attended EV-D68, children <16 
years of age accounted for >80% of severe respiratory 
illness cases (4); however, community-based assess-
ments of EV-D68 incidence and age distribution re-
main limited. In congregate settings like homeless shel-
ters, EV-D68 transmission occurred primarily in adult 
and not family shelters (5). No specific treatments or 
vaccines are available for nonpolio enteroviruses, and 
the epidemiology of EV-D68, including risk factors for 
household transmission, are not well understood (6). 

Few studies have incorporated genomic sequenc-
ing to confirm transmission patterns or quantify viral  
evolution between transmission events (7,8). Our 

study aimed to characterize the epidemiology and 
household transmission of EV-D68 using specimens 
and data collected as part of a community-based pro-
spective CASCADIA cohort (9).

The Study
The CASCADIA study included active surveil-
lance for respiratory viruses among enrolled house-
holds with children and adults in metropolitan Se-
attle, Washington, USA, and Portland, Oregon, USA  
during June 2022–March 2024 (Appendix, https://
wwwnc.cdc.gov/EID/article/32/7/25-1733-App1.
pdf). Participants completed surveys and self-collect-
ed nasal swab samples weekly, regardless of symp-
toms. We subsequently tested swab specimens from 
participants who reported symptoms <72 hours of 
collection (Appendix), as well as specimens with a 
positive or inconclusive result for SARS-CoV-2, influ-
enza, or respiratory syncytial virus (RSV), by using a 
multiplex assay for 26 targets, including EV-D68. To 
rule out false-positive results caused by cross-reac-
tivity of the multiplex assay target described previ-
ously (5), we selected specimens that tested positive 
for EV-D68 with relative cycle threshold (Crt) <28 for 
EV-D68–specific reverse transcription PCR. We se-
quenced samples by hybridization probe capture us-
ing a panel that covers ≈80 viral targets (Appendix).
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During 2022–2024, a total of 35 of 1,040 households had 
a distinct symptomatic index case of enterovirus D68; 
estimated symptomatic secondary infection rate was 
13.6%. Sequences from patients within households clus-
tered closely; we observed 0–2 pairwise nucleotide differ-
ences between household cases 6–14 days apart.
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After excluding 179 single-person households, 
we included 1,040 multiperson households in our 
analysis (Appendix Figure 1). We detected a distinct 
EV-D68 index case in 35 (3.4%) households (Tables 1, 
2). We identified potential secondary transmission, 
defined as detection of EV-D68 in a symptomatic 
household contact 1–14 days after a distinct index 
case, among 7 (20%) households. Those households 

included 15 household contacts, 14 of whom were 
tested because they reported symptoms. The 28 
households with unlikely secondary transmission 
included 51 household contacts, 21 of whom were 
tested because they reported symptoms. Among 66 
household contacts of the 35 identified index cases, 9 
contacts were infected; we estimated the symptom-
atic secondary infection rate for EV-D68 as 13.6% 

 
Table 1. Characteristics of index cases in study of household transmission of enterovirus D68, Washington and Oregon, United States, 
2022–2024* 

Characteristics 
Potential secondary 

transmission† 
Unlikely secondary 

transmission‡ Total 
No. index cases  7 28 35 
Median age, y (range) 11 (3–34) 8.5 (1–48) 9 (1–48) 
Age range    
 6 mo–1 y 0 2 (7.1) 2 (5.7) 
 2–4 y 1 (14.3) 8 (28.0) 9 (25.7) 
 5–12 y 3 (42.9) 8 (28.6) 11 (31.4) 
 13–50 y 3 (42.9) 10 (35.7) 13 (37.1) 
Sex    
 F 3 (42.9) 17 (60.7) 20 (57.1) 
 M 4 (57.1) 11 (39.3) 15 (42.9) 
Race or ethnicity    
 Asian 0 (0.0) 1 (3.6) 1 (2.9) 
 White 3 (42.9) 22 (78.6) 25 (71.4) 
 Multiracial 3 (42.9) 4 (14.3) 7 (20.0) 
 Other 1 (14.3) 1 (3.6) 2 (5.8) 
 Hispanic 0 (0.0) 3 (10.7) 3 (8.6) 
Child attending school or daycare 5 (71.4) 18 (64.3) 23 (65.7) 
Any smoking 0 0 0 
Any underlying conditions§ 1 (14.3) 8 (28.6) 9 (25.7) 
Masking in public at baseline    
 Any 7 (100) 23 (82.1) 30 (85.7) 
 Never 0 5 (17.9) 5 (14.4) 
Relative cycle threshold     
 Median (range)  18.8 (13.6–21.8) 16.0 (9.6–22.5) 17.3 (9.6–22.5) 
 Overall median >17.3  2 (28.6) 17 (60.7) 19 (54.3) 
Viral co-detections¶    
 Any 7 (100) 26 (92.9) 33 (94.3) 
 SARS-CoV-2 0 1 (3.6) 1 (2.9) 
 Adenovirus 1 (14.3) 0 (0) 1 (2.9) 
 RSV 0 1 (3.6) 1 (2.9) 
 HPIV 1 (14.3) 0 1 (2.9) 
ARI symptoms#    
 >2 ARI symptoms 7 (100) 19 (67.9) 26 (74.3) 
 Cough, rhinorrhea, or both 7 (100) 28 (100) 35 (100) 
Any care seeking during illness**  0 3 (10.7) 3 (8.6) 
Any behavior change to reduce transmission in the air†† 3 (42.9) 11 (39.3) 14 (40.0) 
Any behavior change to reduce transmission on surfaces‡‡ 3 (42.9) 10 (35.7) 13 (37.1) 
*Values are no. (%) except as indicated. ARI, acute respiratory illness; EV, enterovirus; HPIV, human parainfluenza virus; RSV, respiratory syncytial virus. 
†Occurring when EV-D68 is detected in a secondary household member 1–14 days after index case.  
‡Unlikely secondary transmission defined as occurring when only 1 EV-D68 case is detected in the household or when >2 EV-D68 cases are in a 
household but secondary case detected >14 days after index case. 
§Underlying conditions include asthma, chronic obstructive pulmonary disease (including chronic bronchitis and emphysema), sleep apnea, heart disease, 
congenital heart disease, heart failure, Down syndrome, hypertension (high blood pressure), diabetes (high blood sugar), liver condition, weak or failing 
kidneys, cancer or malignancy, arthritis, stroke, deep vein thrombosis or pulmonary embolism, sickle cell disease or thalassemia, weakened immune 
system, depression, anxiety, thyroid issues, or other health diagnosis. 
¶Rhinovirus target was detected in 32 (91.4%) samples but is not shown because of cross-reactivity between that target and EV-D68 and several other 
enterovirus species (assay ID Vi99990016_po, Thermo Fisher [https://www.thermofisher.com]). 
#Symptoms reported <7 days of the individual EV-D68 illness episode’s first positive specimen collection, including fever, cough, sore throat, shortness of 
breath, myalgia, rhinorrhea, or a combination of symptoms. All persons included reported >1 symptom.  
**Self-reported care seeking defined as seeking healthcare from a healthcare provider during illness. 
††Includes masking, sleeping separately, covering cough or sneeze before or during illness episode. 
‡‡Includes handwashing, cleaning, disinfecting. 
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(95% CI 6.8%–27.5%). Median detection interval be-
tween index and secondary cases was 7 (range 6–14) 
days. Households with secondary transmission (n = 
7) were less likely to have children <5 years of age 
than households without secondary transmission (n 
= 28); 28.6% of the households with secondary trans-
mission had young children, compared with 39.3% 
of those without secondary transmission (p = 0.38 

by Fisher exact test). Compared with households 
with unlikely secondary transmission, index cases in 
households with secondary transmission were older 
(median age 11 vs. 9 years) and more frequently re-
ported >2 acute respiratory illness (ARI) symptoms 
(100% vs. 68%; p = 0.01 by χ2 test). Among house-
holds with secondary transmission, median age of 
household contacts was older (42 vs. 26 years of age) 

 
Table 2. Characteristics of households and household contacts in study of household transmission of enterovirus D68, Washington and 
Oregon, United States, 2022–2024* 

Characteristics 
Potential secondary 

transmission† 
Unlikely secondary 

transmission‡ Total 
No. households  7 28 35 
Household density§    
 2–4 persons 6 (85.7) 24 (85.7) 30 (85.7) 
 >5 persons 1 (14.3) 4 (14.3) 5 (14.3) 
Housing type    
 House, condo, or townhouse 7 (100) 27 (96.4) 34 (97.1) 
 Missing 0 1 (3.6) 1 (2.9) 
Household enrollment    
 Median no. participants (range) 3 (2–4) 3 (2–4) 3 (2–4) 
 No children <5 y 5 (71.4) 17 (60.7) 22 (62.9) 
 Child <5 y, but no childcare 1 (14.3) 2 (7.1) 3 (8.6) 
 Child <5 y in childcare¶ 1 (14.3) 9 (32.1) 10 (28.6) 
Income >$100,000 3 (42.9) 22 (78.6) 25 (71.4) 
Smoker in household 1 (14.3) 2 (7.1) 3 (8.6) 
Study site    
 Kaiser Permanente Northwest 4 (57.1) 12 (42.9) 16 (44.4) 
 University of Washington 3 (42.9) 16 (57.1) 19 (54.3) 
No. household contacts 15 51 66 
No. swab samples tested from symptomatic participants 14 20 34 
Median age, y (range) 42 (2–48) 38 (3–49) 38.5 (2–49) 
Age range    
 6 mo–1 y 0 0 1 (1.4) 
 2–4 y 1 (6.7) 1 (2.0) 1 (1.7) 
 5–12 y 3 (20.0) 17 (33.3) 22 (31.4) 
 13–50 y 11 (73.3) 33 (64.7) 45 (64.3) 
Female sex at birth 9 (60.0) 30 (58.8) 39 (59.1) 
Sex    
 F 9 (60.0) 29 (56.9) 38 (57.6) 
 M 6 (40.0) 21 (41.2) 27 (40.9) 
 Other 0 1 (2.0) 1 (1.5) 
Race or ethnicity    
 Asian 2 (13.3) 2 (3.9) 4 (6.1) 
 White 11 (73.3) 44 (86.3) 55 (83.3) 
 Multiracial 2 (13.3) 5 (9.8) 7 (10.6) 
 Hispanic 0 4 (7.8) 4 (6.1) 
Any smoking 1 (6.7) 2 (3.9) 3 (4.5) 
Any underlying conditions# 10 (66.7) 23 (45.1) 33 (50.0) 
Masking in public    
 Any 14 (93.3) 48 (94.1) 62 (93.9) 
 Never 1 (6.1) 3 (5.9) 4 (6.1) 
*Values are no. (%) except as indicated. ARI, acute respiratory illness; EV, enterovirus; HPIV, human parainfluenza virus; RSV, respiratory syncytial virus. 
†Occurring when EV-D68 is detected in a secondary household member 1–14 days after index case.  
‡Unlikely secondary transmission defined as occurring when only 1 EV-D68 case was detected in the household or when >2 EV-D68 cases were in a 
household but secondary case detected >14 days after index case. 
§Household density represents the number of household members regardless of enrollment in the study; thus, numbers might be greater than the number 
of participants enrolled in the study, if not all household members were enrolled. 
¶Daycare or school attendance among >1 child <5 years in the household as reported at enrollment. 
#Underlying conditions include asthma, chronic obstructive pulmonary disease (including chronic bronchitis and emphysema), sleep apnea, heart disease, 
congenital heart disease, heart failure, Down syndrome, hypertension (high blood pressure), diabetes (high blood sugar), liver condition, weak or failing 
kidneys, cancer or malignancy, arthritis, stroke, deep vein thrombosis or pulmonary embolism, sickle cell disease or thalassemia, weakened immune 
system, depression, anxiety, thyroid issues, or other health diagnosis. 
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than in households with unlikely secondary trans-
mission. Households with secondary transmission 
had lower household income than those without 
(42.9% vs. 78.6% had income lower than the median 
income threshold). A greater percentage of contacts 
reported underlying conditions in households with 
secondary transmission than in households with 
unlikely secondary transmission (67% vs. 45%). We 
conducted sensitivity analysis including only house-
holds with complete enrollment of all members; we 
observed no difference (Appendix Table 3).

Samples from adults with either a primary or sec-
ondary infection (n = 18) tended to have lower mini-
mum Crt values (mean 16.3, SD 4.27) compared with 
children 6 months to 4 years of age (n = 11; mean Crt 
17.5, SD 3.73) and children 5–17 years of age (n = 15; 
mean Crt 17.1, SD 3.74). Participants who reported >2 

ARI symptoms (n = 35) had similar Crt values (mean 
16.8, SD 4.12), compared with those reporting a single 
symptom (n = 9; mean Crt 16.8, SD 3.11). Household 
contacts with >2 ARI symptoms (n = 9) had lower Crt 
(mean 16.4, SD 5.17) compared with index cases (n = 
26; mean Crt 17.0, SD 3.81) (Appendix Figure 2).

We recovered high-quality EV-D68 whole-genome 
sequences for >2 persons within a household in a total 
of 11 households. All sequenced samples in this study 
(Appendix Table 1) fell within the B3 clade with other 
GenBank sequences from the United States and Eu-
rope; sequences from the same household clustered 
closely (Figure; Appendix Figure 3). Among those 
11 households, 6 had samples collected from differ-
ent members (co-primary cases) on the same day and 
the within-household pairwise nucleotide (nt) dis-
tance between sequences was 0–1 (median 0.5) nt. In 4  

Figure. Maximum-likelihood time-resolved phylogenetic tree from study of household transmission of enterovirus D68, Washington 
and Oregon, United States, 2022–2024. Tree shows study samples from Washington (purple tips) and Oregon (green tips) and publicly 
available global sequences. Inset shows a divergence tree by substitutions per site. Purple and green boxes around tips highlight close 
clustering of sequences from the same household.
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households, samples were collected 6–14 days apart; 
the within-household pairwise distance was 0–3 (me-
dian 1) nt. In 1 household with samples collected 148 
days apart, sequences confirmed distinct introductions 
into the household. Among the 10 households with 
samples collected 0–14 days apart, sequences from chil-
dren tended to be more basal in the tree relative to the 
sequences from adults in the same household; adult 
sequences contained >1 additional nucleotide substi-
tutions (Appendix Figure 3), suggesting transmission 
from child to adult. Because we used a hybridization 
capture–based method for sequencing, enriching for 
respiratory viruses (Appendix), we identified a coin-
fecting pathogen in 3 samples: SARS-CoV-2 in a sample 
from an adult and adenovirus and human parainflu-
enza virus in 2 samples from children <5 years of age.

Transmission of symptomatic infection appears to 
be from younger school-aged children (5–12 years of 
age) to adults, suggesting introductions to the house-
hold from children attending school; however, we are 
limited by our small sample size. Other limitations 
of our study were the inability to precisely measure 
the duration of viral detection or to detect asymptom-
atic shedding because we collected specimens weekly 
and tested only swab specimens from symptomatic 
participants. Because participants swabbed weekly 
and we did not collect symptom onset dates, we were 
unable to report serial interval, and we could not de-
termine the exact illness onset date. The estimated 
median detection interval of 7 days is slightly higher 
than reported serial intervals for other viruses; a rea-
son could be that our study used weekly sampling, 
compared with other studies that conducted daily 
sampling. Our threshold of 14 days for identifying 
symptomatic secondary infections is supported by 
our genomic analysis and consistent with other stud-
ies that have estimated the duration of EV-D68 shed-
ding in the respiratory tract (8); in rare cases, it might 
miss late transmission events.

Conclusions
In our 2-year community respiratory virus surveil-
lance study, we found relatively few cases of symp-
tomatic EV-D68 in households compared with other 
respiratory viruses, such as RSV, in the same cohort 
of households during an overlapping timeframe, 
July–November 2022 (10) (Appendix Figure 4). Over-
all, our work adds to the body of literature on en-
terovirus household transmission and confirms that 
in households with young children, EV-D68 is a less 
common source of symptomatic respiratory viral ill-
ness than other pathogens such as RSV, influenza  
virus, and SARS-CoV-2.

This article was preprinted at https://doi.org/10.64898/20
26.02.16.26346322.
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Hunting, preparing, and selling bushmeat 
has been associated with high risk for zoo-
notic pathogen spillover due to contact with 
infectious materials from animals. Despite 
associations with global epidemics of severe 
illnesses, such as Ebola and mpox, quantita-
tive assessments of bushmeat activities are 
lacking. However, such assessments could 
help prioritize pandemic prevention and pre-
paredness efforts.

In this EID podcast, Dr. Soushieta Jagadesh, a 
postdoctoral researcher in Zurich, Switzerland, 
discusses mapping global bushmeat activities 
to improve zoonotic spillover surveillance.



1188	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 7, July 2026

DISPATCHES

Angiostrongylus cantonensis, the rat lungworm, is a 
zoonotic nematode and a leading cause of eosin-

ophilic meningitis in humans and other mammals (1). 
Originally described in rats in China in 1935, A. can-
tonensis lungworm is now reported in >30 countries 
globally (2). Distribution has expanded because of 
globalization, human activity, and range expansion 
of definitive and intermediate hosts (2,3).

Adult A. cantonensis worms inhabit the pulmo-
nary arteries of rats (definitive hosts), including black 
rats (Rattus rattus) and brown rats (Rattus norvegicus), 
where eggs hatch into first-stage larvae shed in feces. 
Those larvae infect intermediate hosts such as snails 
and slugs, where they develop into third-stage larvae 
and can be transmitted via paratenic hosts (including 
reptiles and amphibians), where larvae can persist for 
extended periods, and through transient hosts (e.g., 
crustaceans and insects), where larvae survive for 
only a short time (4). Rats acquire infection by ingest-
ing those hosts, completing the life cycle (5). Humans 
are infected accidentally through consumption of raw 
or undercooked intermediate or paratenic hosts or via 

contaminated food and water (6). After ingestion, the 
larvae migrate from the intestines to the brain, caus-
ing meningitis and neurologic complications (4,7).

Madagascar is one of the world’s most expansive 
biodiversity hotspots, where humans and an excep-
tional diversity of endemic wildlife frequently interact 
with nonnative animals across the island (8). Although 
A. cantonensis worms have been reported in the region 
(9), genomic data and epidemiologic insights remain 
limited. In this study, we used metagenomic sequenc-
ing of oral swabs to characterize mitochondrial ge-
nomes and estimate prevalence of A. cantonensis lung-
worm in black rats from southeastern Madagascar.

The Study
As part of a broader One Health study (10), we collected 
oral swab samples from 125 wild black rats that were 
captured, anesthetized, and euthanized during Octo-
ber 2022 and July 2023 in the Manombo Special Reserve 
(MSR), southeastern Madagascar (Figure 1, panels A, 
B). The samples were collected in 3 different habitats:  
littoral forest (n = 76 samples), lowland rainforest (n = 
22 samples), and village-edge (n = 27 samples). 

We conducted DNA extraction by using the Roche 
HighPure Viral Nucleic Acid Kit (Roche, https://www.
roche.com). We followed our previously published 
pipeline for library preparation, sequencing, bioinfor-
matic processing, quality trimming, de novo assembly, 
and contig screening by using standard tools and the 
National Center for Biotechnology Information (NCBI) 
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Angiostrongylus cantonensis, the rat lungworm, is a zoo-
notic parasite that causes eosinophilic meningitis in hu-
mans; the parasite is maintained in rat definitive hosts and 
transmitted through gastropod intermediate hosts. We re-
port A. cantonensis prevalence and mitochondrial genome 
from oral swab specimens from rats in Madagascar, sup-
porting swabs for noninvasive detection of this parasite. 
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mitochondrial RefSeq database (11). We annotated mi-
tochondrial genomes by using reference genomes of A. 
cantonensis (NCBI Sequence Read Archive accession no. 
GQ398121) with manual curation.

For phylogenetic analysis, we aligned complete 
mitochondrial genomes with publicly available A. 
cantonensis sequences. We constructed a maximum-
likelihood tree by using IQ-Tree 2 (12) to determine 
the genetic relationships of our samples and haplo-
type placement.

Because metagenome-assembled A. cantonen-
sis mitogenomes were highly similar, we mapped 
raw reads to a representative mitogenome by us-
ing CoverM (13) with a minimum read identity of 
95%. We used a read coverage threshold of >75% to 
determine presence or absence of A. cantonensis ge-
nomes in each sample, providing a high-confidence 
proxy for infection status and calculated prevalence 
accordingly. To identify predictors of infection, 
we performed a generalized linear model in R ver-
sion 4.4.1 (The R Project for Statistical Computing,  
https://www.r-project.org), testing age, sex, loca-
tion, body condition, weight, and year of sampling.

All procedures were approved by Duke Univer-
sity Institutional Animal Care and Use committee 
(approval no. A075‐23‐03), Zoo New England ethics 

board, and the Madagascar Ministry of the Environ-
ment (approval nos. 286/22 and 215/23/MEDD/
SG/DGGE/DAPRNE/SCBE.Re). We deposited all 
raw sequencing data in the NCBI Sequence Read 
Archive. Taxonomic classification revealed that 
26.26%–51.43% of reads per sample were assigned to 
known taxa, including bacteria (15.01%–47.72%), eu-
karyotes (0.53%–4.62%), and viruses (0.04%–18.78%). 
Viral sequences mainly comprised anelloviruses and 
bacteriophages (10).

We detected 5 complete A. cantonensis mi-
tochondrial genomes from black rat oral swab 
specimens, de novo assembled with high cover-
age (GenBank accession nos. PX571103–7) (Figure 
2). All 5 mitochondrial genomes were 13,503 nt in 
length with 26.8% guanine and cytosine content, in 
comparison with published A. cantonensis mitoge-
nomes that were 13,497–13,519 nt in length with 
26.7%–26.8% guanine and cytosine content. The 
mitogenomes from Madagascar revealed 99.96%–
100% sequence similarity among themselves and 
96.44%–99.99% similarity compared with global 
sequences. Of note, the genomes from Madagascar 
demonstrated >99.98% similarity to sequences from 
Valencia, Spain (GenBank accession no. PP748572). 
Phylogenetic analysis placed all sequences from 

Figure 1. Geographic location of 
Manombo Special Reserve and 
spatial distribution of sampled 
rats in a study of Angiostrongylus 
cantonensis rat lungworm 
detection in rats in southeastern 
Madagascar, 2022–2023. A) 
Location of Manombo Special 
Reserve (black square). B) 
Locations of sampled rats; red 
dots indicate A. cantonensis–
positive rats; blue dots indicate 
A. cantonensis–negative rats. 
Triangles indicate villages.

 A. cantonensis Lungworm in Rats, Madagascar
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Madagascar within clade II, grouping with the Val-
II haplotype and clustering with the haplotype Ac8 
from Brazil (Figure 3) (14).

A. cantonensis prevalence in black rat oral swabs 
was determined to be 10.4% (95% CI 6.2%–16.9%; 
13/125 samples). All positive rats were from the  

Figure 2. Mitochondrial genome organization and sequence coverage maps of Angiostrongylus cantonensis rat lungworm from black rat 
oral swab specimens in southeastern Madagascar, 2022–2023.

Figure 3. Whole-mitogenome maximum likelihood phylogenetic tree of complete sequences available for Angiostrongylus cantonensis 
rat lungworm and 3 related Angiostrongylus species along with the sequences identified in study of A. cantonensis lungworm detection 
in rats in Madagascar, 2022–2023. Red text indicates black rat oral swab specimens. GenBank accession numbers are indicated. For 
deposited sequences with available metadata, the host species and geolocation of the sample collected is included in parentheses. The 
tree was rooted with a representative mitogenome of Parafilaroides normani.
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littoral forest of the MSR (Figure 1, panel B). Positive 
cases were detected in both sampling years, with no 
significant difference in prevalence between years: 
9.67% (95% CI 4.5%–19.6%; 6/62) in 2022 and 11.11% 
(95% CI 5.5%–21.4%; 7/63) in 2023. Logistic regres-
sion analysis identified age as the only significant pre-
dictor of infection. Young rats had significantly lower 
odds of infection compared to adults (odds ratio 0.13, 
95% CI 0.02–0.77; p = 0.03) (Table). We observed 
no significant associations for sex, body condition, 
weight, or year of sampling (Table).

Conclusions
The 5 mitogenomes we obtained were nearly identi-
cal to each other (99.96%–100% similarity), indicating 
a highly conserved parasite population within the 
MSR littoral forest and low genetic diversity of A. can-
tonensis lungworm in Madagascar, which is similar to 
another report (3). Phylogenetic analysis further dem-
onstrated that all the sequences cluster within clade II 
and specifically group with the Val-II haplotype, pre-
viously reported in Europe and associated with hap-
logroup Ac8 from Brazil (14). That pattern supports 
the hypothesis of recent or historical introductions 
mediated by human activities, particularly through 
the movement of invasive rats and intermediate hosts 
via trade and transport networks (3,14).

The overall prevalence in rats in the current study 
was 10.4% (95% CI 6.2%–16.9%; 13/125 rats), higher 
than the 2.7% prevalence previously reported in rats 
from central-eastern Madagascar (n = 78) (9). All posi-
tive rats were from the littoral forests. Host-related 
factors also contributed to infection patterns. Age 
was the only significant predictor; young rats showed 
markedly lower odds of infection compared with 
adults. That finding reflects cumulative exposure 
over time, because older rats have more opportunities 
to encounter infected intermediate or paratenic hosts 
(15). We observed no significant effects for sex, body 
condition, weight, or year, suggesting that exposure-
driven processes might be more necessary than intrin-
sic host factors in shaping infection risk. No positive 
detections were observed in the lowland rainforest or 
village-edge habitats, potentially because of interme-
diate host distribution (5).

This study provides metagenomic-based mi-
tochondrial genome characterization and preva-
lence estimates of A. cantonensis lungworm from 
black rats in southeastern Madagascar. Because of 
the parasite’s life cycle, oral swab specimens likely 
capture first-stage larvae expelled from the respira-
tory tract, which are known to be present in the oral 
cavity during patent infections. However, because 

necropsy data were not systematically collected for 
parasitologic examination, we could not assess the 
relationship between larval detection in oral swab 
specimens and adult worm burden in the pulmo-
nary vasculature. Future studies combining oral 
swab specimens with necropsy or quantitative para-
sitologic methods would help validate this relation-
ship. Nevertheless, our findings demonstrate that 
complete A. cantonensis mitochondrial genomes can 
be recovered from oral swab specimens, supporting 
their use as a complementary, minimally invasive 
approach for molecular detection and genomic char-
acterization of this parasite.
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Table. Multivariable logistic regression analysis of factors 
associated with Angiostrongylus cantonensis detection in Rattus 
rattus captured in the littoral forest in southeastern Madagascar, 
2022–2023* 
Variable Odds ratio (95% CI) p value 
Age 

  

 Adult Referent 
 

 Young 0.13 (0.02–0.77) 0.03 
Sex 

  

 F Referent 
 

 M 1.13 (0.29–4.59) 0.85 
Body condition, continuous 1.97 (0.62–7.07) 0.26 
Weight, continuous 0.96 (0.93–1.00) 0.06 
Year 

  

 2022 Referent 
 

 2023 0.46 (0.09–1.88) 0.26 
*Bold indicates statistically significant value. 
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Dirofilariasis is caused by Dirofilaria (family On-
chocercidae) nematodes. Old World infections 

are commonly caused by Dirofilaria repens nematodes. 
New World infections are generally caused by spe-
cies other than D. repens, such as D. immitis, D. tenuis, 
D. subdermata, D. striata, and D. ursi (1). Canids, fe-
lids, and raccoons are the definitive hosts for most
zoonotic infections, and mosquitoes serve as inter-
mediate vectors. In humans, ocular dirofilariasis,
which includes eyelid, subconjunctival, orbital, and

intraocular infections, accounts for <35% of all cases 
(2). The eyelid and orbit are the sites of ≈42% of ocular 
dirofilariasis cases (3). The species causing ocular di-
rofilariasis have distinct geographic associations (3). 
We describe ocular dirofilariasis caused by D. repens 
nematodes in California, USA.

A 74-year-old man from California was bitten by 
an insect on his left lower eyelid. Initially, he expe-
rienced transient pain, swelling, and weeping at the 
wound. Six weeks later, his dermatologist noted an 
8-mm diameter, firm, nontender subcutaneous nod-
ule at this site. The patient had no medical history
or recent travel of note. After referral to an ophthal-
mologist, magnetic resonance imaging of the orbits
confirmed a well-circumscribed cystic lesion on the
eyelid (Figure 1, panel A). The mass persisted for 5
months, and an excisional biopsy was performed.
The mass was dissected from closely adherent sur-
rounding tissue and submitted to pathology in for-
malin. The patient was asymptomatic 6 months after
the surgery.

The tissue was processed routinely and sectioned 
after paraffin embedding. Microscopy revealed a par-
asite surrounded by fibrosis with marked chronic in-
flammation. The cross section of the parasite revealed 
features of a nematode consistent with Dirofilaria sp. 
(Figure 1, panel B).

The formalin-fixed paraffin-embedded tissue was 
sent to the University of Washington Reference Labo-
ratories (Seattle, WA, USA) for species identification, 
where we conducted broad-range 28S and internal 
transcribed spacer (ITS) rDNA PCR and sequencing 
(4). We detected D. repens DNA. We conducted an in-
house ITS-based targeted next-generation sequencing 
assay on the same formalin-fixed paraffin-embedded 
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We describe an infection caused by Dirofilaria repens 
nematodes in California, USA. A firm nodule developed 
after an insect bite on a patient’s eyelid. Excision with mor-
phologic and molecular analysis confirmed D. repens in-
fection. Our findings confirm the necessity of both molecu-
lar and histological studies to identify nematode infections.

Figure 1. Images from patient with ocular dirofilariasis caused by Dirofilaria repens in California, USA. A) Axial plane of T-2–weighted orbital 
magnetic resonance imaging revealing a well circumscribed cystic lesion in the left lower eyelid. The center of the lesion is hyperintense and 
circumscribed by a hypointense signal. The interpretation was a benign inflammatory lesion. B) Histopathologic image from hematoxylin and 
eosin–stained slide that reveals a 500-micron diameter cross section of a nematode with a thick cuticular wall featuring external cuticular 
ridges (indicated by r) and vertically oriented muscle (indicated by m) extending toward the internal cavity (coelomyarian) that are numerous 
per quadrant (polymyarian), as well as paired reproductive tubes (indicated by t), and simple intestine (indicated by i).



tissue, as previously described (5), confirming the 
species as D. repens. The ITS sequence matched ref-
erence sequences from GenBank with 100% pairwise 
identity. In addition, we conducted shotgun sequenc-
ing by using Illumina Miseq (Illumina, https://
www.illumina.com) to acquire more genetic informa-
tion about the parasite. We submitted raw sequence 
reads to Chan Zuckerberg ID (https://czid.org) for 
metagenomic analysis, gathering reads aligning to 
Dirofilaria species. We generated consensus sequence 
of the COX1 gene by mapping the aligned reads to 
a D. repens mitochondrial DNA reference (GenBank 
accession no. KX265049). We conducted phylogenetic 
analysis on the basis of all 3 marker genes (ITS, 28S, 
and COX1), which further confirmed the species iden-
tification (Figure 2).

The identification of D. repens infection in the 
United States is noteworthy because of the parasite’s 

previous absence. Microfilariae of D. repens have been 
reported in ring-tailed coati in Brazil and Chile (6,7). 
A nationwide survey of domestic hosts in the United 
States identified D. immitis parasites in 6.3% of 1,080 
dogs and 0.3% of 1,254 cats, but all samples were 
negative for D. repens parasites (8). The case-patient’s 
chronology of infection is consistent with the devel-
opment of infective third-state larvae into juvenile 
worms, ≈50 days (2). Infection from a domestic host 
is likely. The recently increased population of Aedes 
mosquitoes in southern California might have con-
tributed, but the lack of available D. repens surveys 
in wildlife hosts from California hampers conclusive 
findings.

Most cases of ocular dirofilariasis and all pre-
vious cases of dirofilariasis infections of the eyelid 
reported in the United States were attributed to D. 
tenuis infection (3). D. repens is the most common  
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Figure 2. Dirofilaria repens 
phylogenetic trees from study 
of ocular dirofilariasis in 
California, USA. A) ITS gene 
sequences; B) 28S gene 
sequences; C) COX1 gene 
sequences. All 3 marker gene 
comparisons confirmed the 
study sample belonged to D. 
repens. Genbank accession 
numbers are indicated. Branch 
numbers indicate nucleotide 
substitutions per site. ITS, 
internal transcribed spacer.



infection of the eyelid in the Old World, with only 
rare cases of D. asiatica infection reported (9). Vari-
ous species share common characteristics including 
a multilayered cuticle, coelomyarian or polymyarian 
muscle cells, simple intestine, paired sterile reproduc-
tive tubes, and internal lateral ridges (3). D. tenuis and 
D. repens nematodes both have external ridges, which 
D. immitis nematodes lack. For cases in which spe-
ciation was on the basis of morphologic assessment 
alone, we cannot exclude possible errors.

Most previous D. repens eyelid infections were lo-
calized and did not result in patent infection. Young 
adult nematodes are usually seen in the human, an 
unsuitable or accidental host. Of note, rare exceptions 
exist in which the worm was able to mature subcuta-
neously and produce microfilariae (10).

Eyelid dirofilariasis frequently masquerades as 
other entities, such as a neoplasm, chalazion, or be-
nign cyst. In this case, a chalazion was suspected. Pri-
or cases in the literature of dirofilariasis have shown 
similar cystic changes with enhancement on magnetic 
resonance imaging (Figure 1). Other parasitic infec-
tions, such as cysticercosis, leishmaniasis, and rarely 
loiasis, can produce single eyelid cysts.

We report a case of D. repens human infection in 
California, USA. Suspicion of this disorder is predi-
cated on a careful history of the environment with 
mosquitos, raccoons, canids, or felids. The identi-
fication of D. repens nematodes in the United States 
warrants continued surveillance. Careful histologic 
examination and molecular studies are critical for 
parasite identification. 

The consensus COX1 gene sequence was deposited to into 
GenBank (accession no. PZ357936).

This study was supported by the Edith and Lew  
Wasserman Professorship in Ophthalmology awarded  
to B.J.G.
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Dirofilaria immitis is a mosquitoborne filarial nema-
tode that causes canine filarial disease. Although 

this parasite primarily affects canids, human dirofila-
riasis caused by several canine Dirofilaria spp. nema-
todes are increasingly being reported, especially in 
Europe and Asia (1-4). Humans are accidental hosts 
for D. immitis nematodes and become infected after 
the bite of a mosquito carrying D. immitis larvae. Lar-
vae migrate through the circulatory system and die 
within the pulmonary vasculature, where they infarct 
small vessels, leading to a surrounding pulmonary 
granuloma (5). Those granulomatous nodules are 
often diagnosed incidentally on routine chest radi-
ography and appear as single or multiple 0.5–4.5 cm 
round, dense, and opaque coin lesions in the lungs, 
which can be mistaken for primary or metastatic pul-
monary malignancy (1,5). 

Human pulmonary dirofilariasis (HPD) caused 
by D. immitis infection is typically asymptomatic and 
self-limiting, and specific treatment is generally not 
necessary (1). Most cases of HPD are asymptomatic; 
wheezing, cough, hemoptysis, fever, chest pain, ar-
thralgia, and malaise can develop (1). HPD is rarely 
reported (2,3), possibly underdiagnosed (3), and  

commonly misdiagnosed (1,3). We describe a case 
of HPD caused by D. immitis infection, identified in-
cidentally in conjunction with primary pulmonary  
adenocarcinoma.

The male patient was 75 years of age and living 
in the tropical city of Townsville, Queensland, Aus-
tralia; he was seen at a trauma visit in 2023. He re-
ported a 100 pack/year smoking history, an occupa-
tional exposure to asbestos and silica, and a chronic 
and nonproductive cough. During his visit, imaging 
revealed a spiculated mass lesion measuring 35 × 28 
mm in the right upper lobe that obstructed the poste-
rior segmental bronchus and was closely associated 
with a separate nodule. 

The patient underwent a right upper lobectomy 
and mediastinal lymph node sampling for suspected 
primary pulmonary malignancy. Histopathologic 
and immunohistochemical evaluation of the pulmo-
nary nodule confirmed a 34-mm solid-predominant 
primary adenocarcinoma. Gross dissection of the 
specimen revealed an additional nodule (Figure 1). 
Initial findings suggested multifocal disease; micros-
copy of the sample revealed a helminthic co-infection. 
We sought consultation for helminth characteriza-
tion. The morphology of the worm within the second 
granulomatous nodule was most consistent with D. 
immitis (Figure 2). No further intervention was re-
quired for the Dirofilaria infection, although the pa-
tient continued management of the lung carcinoma.

Identification of the helminthic parasite relied 
on characteristic morphologic features because DNA 
extraction and sequencing from the paraffin embed-
ded specimen was not possible. However, D. immitis 
is the only canine Dirofilaria species known to occur in 
Australia (6,7). D. roemeri, a parasite of kangaroos and 
wallabies, is found in Queensland but is morphologi-
cally distinct in histological cross-sections (5,7).

Human infection remains rare in Australia; only 
19 cases of D. immitis–related HPD were reported 
through 2012 (3), and only 1 additional case has been 
published since, also from North Queensland (8).  
A recent serosurvey of shelter dogs in Townsville 
revealed a high prevalence of D. immitis infection 
(<32%) (9), which could lead to increased zoonotic 
transmission.

D. immitis nematodes infect not only domestic 
dogs and cats but also wild canids (2). The wide-
spread prevalence of heartworm in domestic dogs 
in Townsville might be attributable to dingoes (wild 
dogs of Australia) being common in bushland on the 
urban fringe of the city. Dingoes likely act as a sylvatic 
reservoir for infection of domestic dogs in Townsville 
(9). Previous necropsy surveillance studies of dingoes 
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Dirofilaria nematodes, a common cause of canine filarial 
disease, are increasingly recognized as emerging human 
pathogens. We report a case of human pulmonary dirofi-
lariasis in the lung of a man from Northern Australia with 
pulmonary adenocarcinoma. This case highlights the 
risk for zoonotic transmission in regions with high canine 
heartworm prevalence. 



from the Townsville area found a heartworm preva-
lence of 75% (9).

We describe a case of D. immitis HPD in conjunc-
tion with primary adenocarcinoma. Similar coinci-
dental findings of D. immitis infection and concurrent 
lung cancer have been previously reported in Texas, 
USA (6). Although those diagnoses were inciden-
tal, the overlapping clinical and radiologic features 
of lung cancer and pulmonary dirofilariasis pose a  

diagnostic challenge for clinicians and radiologists. 
Our report highlights the importance of preresection 
biopsy, meticulous gross dissection, and histologic 
sampling of the resection specimen for accurate di-
agnosis. Without those steps, the entire necrotic mass 
could have been included in the tumor measurement, 
potentially altering the tumor-nodes-metastasis stage 
and the associated prognosis. 

Clinicians, radiologists, and pathologists practic-
ing in regions where canine heartworm is endemic 
should consider HPD in the differential diagnosis of 
pulmonary nodules. This case adds to the limited lit-
erature describing HPD caused by D. immitis nema-
todes in Australia and highlights the value of a One 
Health approach when evaluating emerging zoonotic 
infections in an endemic setting.
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Figure 1. Dirofilaria organisms 
recovered from a patient with 
human pulmonary dirofilariasis 
in North Queensland, Australia, 
2023. A) Degenerate D. immitis 
nematode (black arrow) within a 
necrotic human lung granuloma 
and adjacent parenchyma. 
Original magnification ×2. B, 
C) Deeper cuts of the same 
region at 100× magnification. 
D) Cross-section of 2 regions 
of the coiled worm at 400× 
magnification. Hematoxylin and 
eosin stains.

Figure 2. Defining anatomic features of Dirofilaria immitis within a 
small blood vessel (arteriole) in a necrotic human lung granuloma, 
recovered from a patient with human pulmonary dirofilariasis in 
Queensland, Australia, 2023. Yellow arrowhead indicates inflated 
necrotic smooth cuticle, without cuticular ridges; blue arrowhead 
indicates degenerate coelomyarian muscle structure; red arrows 
indicate inflated and necrotic internal cuticular ridges; and black 
arrows indicate degenerate paired uterine tubes. Hematoxylin and 
eosin stain; original magnification is ×600.
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Chikungunya virus (CHIKV) is a positive-sense
RNA virus belonging to the genus Alphavirus 

(family Togaviridae), primarily transmitted by Ae-
des aegypti and A. albopictus mosquitoes. CHIKV is 
comprised of 3 major lineages: West African, Asian, 
and East/Central/South African (ECSA). The Asian 
lineage was introduced into the Americas in 2013, 
and the ECSA lineage was introduced in 2014. Those 
introductions gave rise to the Asian-American and 
ECSA-American sublineages (1). Chikungunya infec-
tion is typically characterized by acute febrile illness 
with polyarthralgia, although severe manifestations, 
including neurologic complications, can occur (1). 
Globally, CHIKV has expanded greatly, with an esti-
mated 16.9 million cases annually and >5.6 billion per-
sons living in at-risk areas (1). The Asian-American 
lineage was first detected in Bolivia in 2015, followed 
by outbreaks in 2016 and 2017 (2). In 2025, a major 
CHIKV outbreak took place in Bolivia after several 
years without any reported cases. That outbreak in-
cluded 4,696 confirmed cases, and most cases (90.8%) 
were in Santa Cruz (3). This resurgence highlights the 
vulnerability of previously affected regions to new  
CHIKV outbreaks and underscores the need for sus-
tained surveillance. 

This work is part of the routine arbovirus ge-
nomic surveillance implemented in Bolivia. Samples 
used in this study were obtained anonymously from 
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We report the detection and genomic characterization of 
chikungunya virus, an arbovirus, during a 2025 outbreak 
in Bolivia. We identified the circulating chikungunya virus 
lineage and the transmission dynamics by using genom-
ic surveillance and phylogenetic analyses. Our findings 
highlight the utility of sustained genomic surveillance for 
monitoring emerging arboviruses.

1These first authors contributed equally to this article.
2These senior authors contributed equally to this article.



material exceeding routine arbovirus diagnostics 
within Bolivia’s public health laboratory network. To 
investigate the origin and transmission dynamics of 
the 2025 outbreak, we implemented genomic surveil-
lance of CHIKV in Bolivia. We selected 78 quantita-
tive reverse transcription PCR–positive samples (cy-
cle threshold [Ct] <30), collected from February–June 
2025 from 4 departments (Chuquisaca, Cochabamba, 
Santa Cruz, and Tarija) for our analysis on the basis of 
Ct value and available metadata (Figure 1). 

We used a multiplex PCR approach to amplify 
CHIKV RNA (4), and we sequenced CHIKV by us-
ing Illumina (Illumina, https://www.illumina.com) 
and Oxford Nanopore (Oxford Nanopore, https://
nanoporetech.com) platforms. We generated con-
sensus genomes by using combined de novo and 
reference-based approaches (5). We conducted a 
phylogenetic analysis by using genomes from the 
78 selected samples together with the 972 publicly 
available ECSA sequences from the National Cen-
ter for Biotechnology Information database, which 
included complete sequences, sampling date, and 
geographic origin. We performed multiple sequence 
alignment by using MAFFT (6), and we inferred 
maximum-likelihood phylogenies by using IQ-TREE 
(7). We assessed temporal signal by using root-to-tip 
regression, yielding a correlation coefficient of 0.52, 
consistent with sufficient temporal structure for 
molecular clock inference (8). We performed time-
scaled phylogeographic reconstruction by using 
BEAST (9) under a relaxed molecular clock model, 
with an estimated mean evolutionary rate of 2.18 × 
10−3 substitutions/site/year.

Samples were collected from patients 0–90 years of 
age, with the highest proportion of samples from pa-
tients 0–9 years of age (19.2%, n = 15), followed by sam-
ples from patients 20–29 years of age (16.7%, n = 13), and 
30–39 years of age (16.7%, n = 13). Most (52.6%, n = 41) 
samples were from female patients (Appendix 1 Figure 
1, http://wwwnc.cdc.gov/EID/article/32/7/26-0540-
App1.pdf; Appendix 2 Table, http://wwwnc.cdc.gov/
EID/article/32/7/26-0540-App2.xlsx). Most patients 
had acute febrile illness (n = 60), and 18 cases were clas-
sified as severe, including 1 encephalitis case and 1 fatal 
outcome (Appendix 1 Figure 2). 

The sequenced samples had Ct values ranging 
from 10 to 28 (mean 18.5) (Appendix 1 Figure 3). 
Sequencing generated 78 near-complete CHIKV ge-
nomes with an average genome coverage of 95.9%. 
All genomes were classified as the ECSA lineage. 
All CHIKV genomes from Bolivia formed a well-
defined monophyletic clade, with the closest ances-
try linked to viruses circulating in Midwest Brazil 

(Figure 2, panel A). This genomic analysis suggests 
that the 2025 CHIKV outbreak in Bolivia was driven 
by a single introduction event followed by sustained 
local transmission. Time-scaled phylogeographic 
analysis estimated CHIKV introduction around No-
vember 2024 (95% CI late October–early November). 
The earliest transmission was inferred in Chuquisaca, 
followed by dissemination to Santa Cruz and sub-
sequent spread to Tarija and Cochabamba (Figure 
2, panel B). The inferred directional spread toward 
more densely populated regions further supports the 
role of human mobility and urban transmission net-
works in enabling rapid geographic expansion (10). 

Our results reveal the genetic similarity of CHIKV 
strains circulating in Bolivia during the 2025 outbreak 
and provides evidence indicating a single introduc-
tion of CHIKV from Midwest Brazil, with subsequent 
spread across multiple departments. Our findings 
improve our knowledge of CHIKV transmission 
dynamics in Bolivia; however, limitations in tempo-
ral and geographic sampling coverage might have 
limited full characterization of viral diversity. Our 
findings also demonstrate how integrating genomic 
surveillance into outbreak investigations enables 
identification of introduction events and reconstruc-
tion of transmission pathways, providing critical in-
sights to inform public health interventions. Because 
of increasing arboviral activity across the Americas, 
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Figure 1. Geographic distribution of sequenced chikungunya virus 
genomes in a study of chikungunya virus in Bolivia, 2025. Colors 
indicate the numeric range of genomes per department. 



those approaches are essential to improve early de-
tection and guide timely response strategies.
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Figure 2. Regional genetic 
diversity and temporal spread of 
the chikungunya virus outbreak in 
Bolivia within the Americas, 2025. 
A) Phylogenetic tree showing 
the placement of genomes 
from Bolivia within the broader 
diversity across the Americas. 
Tips are colored according to 
sampling origin, and sequences 
from Bolivia are highlighted. The 
genomes from Bolivia cluster in a 
well-supported group, consistent 
with local expansion. B) Time-
scaled tree of the Bolivian clade 
illustrating temporal progression 
and geographic distribution 
across departments (Chuquisaca, 
Cochabamba, Santa Cruz, and 
Tarija). Symbols indicate severe 
cases (including 1 encephalitis 
case and 1 fatal case). Scale bar 
indicates nucleotide substitutions 
per site.
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Ophthalmomyiasis is a rare ocular infestation 
in modern clinical settings. Oestrus ovis, the 

sheep nasal bot fly, is the most common cause of 
human cases (1). Because O. ovis larvae primar-
ily infect sheep and goats, human infection occurs 
predominantly in rural settings, although urban 
cases have been reported (2–4). Ophthalmomyiasis 
is classified as external, internal, or orbital, on the 
basis of infestation site. External ophthalmomyiasis 
is limited to the ocular surface, involving the con-
junctiva and cornea (5). Internal ophthalmomyiasis 
affects intraocular structures including the anterior 
chamber, choroid, and vitreous (6). Last, orbital 
ophthalmomyiasis involves the orbital cavity and 
adjacent tissues. Larval migration and intraocular 
involvement can cause structural damage and vi-
sion loss (7).

We report a case series of 17 patients with acute 
external ophthalmomyiasis caused by O. ovis infection 
after sheep exposure during ritual sacrifice for Eid al-
Adha in Algeria during June 6–8, 2025. Patients were 
26–45 years of age; 10 were men and 7 were women. 
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Ophthalmomyiasis is a rare eye infestation caused by 
fly larvae and more often seen in rural areas. We report 
an outbreak of 17 patients in Algeria with ophthalmomy-
iasis after sheep exposure. All patients fully recovered 
after removal of ocular Oestrus ovis larvae and topical 
therapy, highlighting the effectiveness of early detection 
and treatment.

1These first authors contributed equally to this article.



Sixteen patients reported exposure during Eid al-Ad-
ha, whereas 1 patient denied direct or indirect sheep 
exposure but suspected a foreign body in the eye. The 
time from exposure to hospital visit ranged from 5 to 
32 hours, and symptom onset occurred 1–10 hours 
after exposure (Appendix Table, http://wwwnc.cdc.
gov/EID/article/32/7/26-0552-App1.pdf).

Clinical manifestations included palpebral ede-
ma, conjunctival hyperemia, pruritus, foreign body 
sensation, epiphora, chemosis, photophobia, and 
pricking pain (Figure 1, panels A–C). All cases were 
unilateral. Slit-lamp examination revealed numerous 
and motile larvae on the cornea, bulbar conjunctiva, 
and upper and lower conjunctival fornices with active 
movement (Figure 1, panels D and E; Video, http://
wwwnc.cdc.gov/EID/article/32/7/26-0552-V1.
htm). Conjunctivitis-like signs included conjunctival 
congestion or edema, mucous discharge, and punc-
tate keratitis (Figure 1, panels F–I). Corneal impair-
ment was observed in 10 of 17 cases, including punc-
tate keratitis in most and epithelial defects in 3 severe 
cases. Larvae measured ≈1–2 mm (Figure 2, panels A, 
B), and 4–22 larvae were identified per affected eye. 

Intraocular pressure was normal in all patients. Fun-
duscopic examination and optical coherence tomog-
raphy did not reveal posterior segment abnormalities 
(Appendix Figure).

We rinsed and immersed extracted specimens 
in phosphate-buffered saline before submission for 
parasitologic analysis at the Parasitology Laboratory, 
Tongji Medical College, Huazhong University of Sci-
ence and Technology (Wuhan, China). We treated the 
specimens with lactic acid–phenol, and microscopic 
examination revealed internal larval structures that 
included body segments, spines, spicules, cephalic 
oral hooks, valves (shape and number of stomata), 
and the cephalopharyngeal skeleton, consistent with 
O. ovis larvae (Figure 2, panels C–E).

We removed all visible larvae from infected pa-
tients and subsequently treated the patients with 
topical antimicrobial drug eye drops (4×/d for 1 
wk) and neomycin/polymyxin B/dexamethasone 
ophthalmic ointment (1×/d for 1 wk), except in 
patients with corneal lesions. All patients achieved 
complete clinical resolution within 1–2 weeks with-
out complications.
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Figure 1. Clinical ocular findings in patients with acute external ophthalmomyiasis caused by Oestrus ovis infection after sheep 
exposure during Eid al-Adha, Algeria, 2025. A–C) Representative external ocular photographs show acute conjunctivitis-like findings, 
including palpebral edema, conjunctival hyperemia, and mucous discharge. D, E) Slit-lamp examination images show motile larvae on 
the corneal surface and in the lower conjunctival fornix. F–I) Slit-lamp examination images show conjunctival inflammation, including 
conjunctival congestion, edema, and mucous discharge. Black arrow in panel E indicates the location of an O. ovis larva.



From our investigation, we believe that O. ovis 
larvae entered the patients’ eyes when adult flies de-
posited first-stage larvae. The substantial larval bur-
den contributed to conjunctival inflammation and 
superficial corneal abrasions through cephalic oral 
hooks and body spicules.

O. ovis ophthalmomyiasis is traditionally asso-
ciated with sheep- and goat-rearing areas in warm, 
dry Mediterranean climates (8). However, recent 
European reports (2–4) suggest broader geographic 
distribution; cases have been described in temperate 
or urban areas (9) and sometimes without clear live-
stock exposure. External ophthalmomyiasis might be 
overlooked because it closely mimics acute viral or 
bacterial conjunctivitis or nonspecific inflammatory 
ocular irritation (1,10). Thorough ocular examination 
and detailed livestock exposure history are therefore 
essential for timely diagnosis. Prompt mechanical re-

moval of all larvae is critical to prevent intraocular 
involvement. This large cluster of 17 patients with 
ophthalmomyiasis underscores the potential for 
zoonotic ocular infestation from unprotected sheep 
contact during seasonal religious rituals. Public edu-
cation, eye protection, and hygiene practices during 
ritual slaughter might help reduce similar outbreaks 
in endemic regions.
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Figure 2. Morphologic identification of Oestrus ovis larvae extracted from patients with acute external ophthalmomyiasis after sheep 
exposure during Eid al-Adha, Algeria, 2025. A, B) Extracted first-instar larva from the ocular surface is shown grossly. C–E) Microscopic 
examination demonstrates characteristic features of O. ovis, including prominent oral hooks connected to the internal cephalopharyngeal 
skeleton and multiple rows of spiny projections. Original magnification ×40 (panel C), ×10 (panel D), and ×100 (panel E).
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Human taeniasis is a foodborne neglected tropi-
cal disease caused by 3 species of tapeworms: 

Taenia solium, Taenia saginata, and Taenia asiatica. 
Although the parasites are endemic across Africa 
and the Americas, Asia is unique for the sympatric 
distribution of all 3 species, particularly in rural ar-
eas where traditional livestock rearing persists (1). 
Among these species, the T. saginata beef tapeworm 
is the most common zoonotic tapeworm globally; in-
fection occurs through the consumption of raw or 
undercooked beef containing cysticerci (2). The epi-
demiologic landscape in Southeast Asia is complex 
because of the genetic relationship between T. sagi-
nata and T. asiatica tapeworms (3). Recent molecu-
lar analyses have revealed that the 2 are sister spe-
cies that are not completely reproductively isolated; 
consequently, many adult worms circulating in the 
region, including those in Indonesia, are hybrid-de-
rived descendants (4).

Timor-Leste, a Southeast Asia nation sharing 
the island of Timor with Indonesia, has long rep-
resented a considerable geographic data gap. A 
2020 systematic review covering 1990–2017 found 
no retrievable data for the country (2), leaving 
its endemic status unconfirmed, despite cultural  
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We report a case of autochthonous Taenia saginata in-
fection in Timor-Leste. Screening of 1,121 schoolchildren 
revealed a 0.4% prevalence of human taeniasis. Genetic 
analysis of the mitochondrial cox1 gene identified group A 
lineage. Our findings fill a considerable geographic data 
gap and highlight the need for integrated One Health 
control strategies.



practices favoring beef consumption and a popula-
tion of ≈225,000 cattle (5).

In early 2019, as part of a national monitoring 
program for soil-transmitted helminthiasis, we col-
lected fecal samples from 1,121 schoolchildren across 
6 schools in Timor-Leste. Initial screening using the 
Kato-Katz thick-smear technique identified 4 chil-
dren as Taenia spp. egg–positive, representing an 
overall prevalence of 0.4%, which is consistent with 
regional pediatric data from countries such as Myan-
mar (6). After the identification of eggs, we adminis-
tered a single oral dose of praziquantel (10 mg/kg) 

to affected children, followed by a purge with a mild 
laxative solution (Colonlyte powder; Dream Pharma 
[now Alvogen Korea], https://www.alvogenkorea.
com) so that we could recover intact tapeworm seg-
ments. We successfully recovered intact proglottids 
from an asymptomatic 11-year-old girl residing in the 
capital, Dili. Of note, the patient had no history of in-
ternational travel, confirming that the infection was 
autochthonous.

The recovered tapeworm segments were flat and 
creamy-white and measured 12–15 mm in length 
(Figure 1). Acetocarmine staining revealed 18–20  
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Figure 1. Proglottids of Taenia 
saginata beef tapeworm 
collected from an 11-year-
old girl in Dili, Timor-Leste, 
informing an investigation 
focused on molecular 
confirmation of autochthonous 
T. saginata infection, Timor-
Leste, 2019. A) Gross 
morphology of proglottids, 
showing flat, creamy-white 
segments, measuring 12–15 
mm in length. The scolex was 
confirmed to lack rostellar 
hooks on gross examination. Scale bar = 1 cm. B) Acetocarmine-stained proglottid showing 18–20 lateral uterine branches, 
morphologically consistent with T. saginata tapeworm and excluding T. solium tapeworm. 

Figure 2. Phylogenetic analysis of the cox1 gene from a child with taeniasis in a study revealing molecular confirmation of 
autochthonous Taenia saginata infection, Timor-Leste, 2019. Phylogenetic tree of T. saginata and related taxa was based on partial 
mitochondrial cox1 gene sequences (458 bp). The evolutionary history was inferred by the neighbor-joining method with 1,000 bootstrap 
replicates; bootstrap values (>50%) are shown at branch nodes. Evolutionary distances computed using Kimura 2-parameter model. 
Analyses performed in MEGA 11 (https://www.megasoftware.net). The Timor-Leste isolate (GenBank PP837938.1, red box) clusters 
within the group A clade of T. saginata, distinct from T. asiatica (outgroup) and T. solium lineages. GenBank accession numbers are 
shown in parentheses.



lateral uterine branches and a lack of rostellar hooks 
on the scolex, which served to morphologically ex-
clude the T. solium pork tapeworm. To achieve de-
finitive species identification, we extracted genomic 
DNA using the DNeasy Blood & Tissue Kit (QIAGEN, 
https://www.qiagen.com) and targeted a fragment 
of the mitochondrial cox1 gene for PCR amplification 
using T1F and T1R primers as described previously 
(7). Sequencing of the amplicons showed a 99.58% 
identity with T. saginata (GenBank AB984348.1) and 
a marked genetic divergence from T. solium. Phylo-
genetic analysis using the neighbor-joining method 
placed the Timor-Leste isolate firmly within the 
group A clade, distinct from T. asiatica and T. solium 
lineages (Figure 2; Appendix, https://wwwnc.cdc.
gov/EID/article/32/7/25-2034-App1.pdf). The high 
bootstrap support (>90%) for those nodes reinforces 
the isolate’s genetic alignment with regional T. sagina-
ta populations rather than the hybrid-derived descen-
dants of T. asiatica and T. saginata tapeworms found in 
nearby North Sumatra (Figure 2).

Combined with the emergence of a concurrent T. 
solium infection that was molecularly confirmed in a 
10-year-old child in Dili during the same surveillance 
period (7), our results confirm the co-endemicity of 
T. saginata and T. solium tapeworms in Timor-Leste. 
Although the T. saginata isolate is linked to regional 
Southeast Asian genotypes (group A), the T. solium 
case showed homology with Madagascar lineages, 
suggesting different historical introduction routes 
for the 2 species (7). The detection of the parasites in 
schoolchildren suggests transmission risks within the 
home environment and the early cultural integration 
of beef consumption (1,8).

The reliance on Kato-Katz smears in regional 
surveillance remains a hurdle, because this analysis 
cannot differentiate between Taenia species. Further-
more, the documented presence of hybrid-derived de-
scendants in neighboring Indonesia (4) suggests that 
future surveillance should incorporate nuclear mark-
ers to complement mitochondrial genotyping. Such a 
dual-marker approach is essential to detect potential 
interspecific hybridization or introgression that may 
be masked by mitochondrial analysis alone. Never-
theless, the confirmation of endemicity for both T. 
saginata and T. solium tapeworms warrants enhanced 
integrated surveillance to accurately identify co-cir-
culating Taenia species. The concurrent detection of 
T. solium tapeworm in this pediatric cohort under-
scores the need for species-discriminating molecular 
diagnostics and cross-border cooperation to prevent 
neurocysticercosis, the public health consequences of 
which far exceed those of T. saginata taeniasis (9).
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Epidemiologic surveillance is essential for defin-
ing the burden, geographic distribution, and 

transmission patterns of human T-lymphotropic vi-
ruses (HTLVs) 1 and 2 (HTLV-1/2), particularly in 
underserved settings such as the Brazilian Amazon. 
Although Brazil is estimated to harbor the largest 
absolute number of HTLV-1 infections worldwide, 
data from urban Amazonian populations remain 
scarce (1,2). In this context, molecular surveillance 
is also critical because HTLV genetic diversity is 
geographically structured, could have clinical rel-
evance, and helps refine understanding of lineage 
distribution and viral dissemination (3). We there-
fore investigated HTLV-1/2 infection in the metro-
politan region of Manaus in the Amazonas state of 

Brazil and performed phylogenetic and phylogeo-
graphic analyses.

During May 2021–November 2023, we conducted 
a cross-sectional study of 1,397 residents of metro-
politan Manaus recruited by convenience sampling 
across different city zones at universities, community 
centers, polyclinics, and primary healthcare units. 
Eligible participants were Manaus residents >7 years 
of age who voluntarily agreed to participate and pro-
vided written informed consent; for minors, we ob-
tained parental or guardian consent and assent when 
applicable. We screened plasma samples for HTLV-
1/2 antibodies by ELISA and confirmed seroreac-
tive samples by Western blot or line immunoassay; 
indeterminate samples underwent molecular testing. 
We collected sociodemographic and behavioral data 
through a standardized questionnaire. 

We amplified the 5′ long terminal repeat (LTR) 
region of HTLV-1 (579 bp) and HTLV-2 (788 bp) by 
nested PCR and sequenced the amplicons by Sanger 
sequencing. We inferred phylogenetic relation-
ships by maximum-likelihood analysis in MEGA12 
(https://www.megasoftware.net) using the Kimura 
2-parameter model with 1,000 bootstrap replicates 
and a geographically diverse panel of HTLV-1 and 
HTLV-2 reference sequences retrieved from GenBank 
from a previously assembled dataset. We deposit-
ed sequences generated in this study into GenBank 
(accession nos. PV647910 for sequence WDM1168_
BrMao, PV647909 for sequence WQC1199_BrMao, 
PV647908 for sequence SSS850_BrMao, and PV742404 
for sequence JDC1001_BrMao). To investigate the 
timing and geographic history of HTLV-1 lineages, 
we performed Bayesian time-scaled phylogenetic and 
discrete phylogeographic analyses in BEAST X ver-
sion 10.5 (https://beast.community).

Overall HTLV-1/2 seroprevalence was 0.3% (95% 
CI 0.11%–0.73%; 4/1,397 participants), comprising 3 
HTLV-1 and 1 HTLV-2 infections. All seropositive 
participants were >40 years of age and shared a pro-
file of socioeconomic vulnerability: 75% were female, 
earned no more than minimum wage, had only ele-
mentary education, lacked marital partnerships, and 
relied on government assistance (Appendix, https://
wwwnc.cdc.gov/EID/article/32/7/26-0372-App1.
pdf). Phylogenetic analysis classified sequence 
SSS850_BrMao as HTLV-1aC, the West African sub-
group, providing evidence of this lineage in the Bra-
zilian Amazon (Figure 1, panel A). The remaining 
isolates were HTLV-1aA (WDM1168_BrMao and 
WQC1199_BrMao) and HTLV-2c (JDC1001_BrMao), 
indicating co-circulation of distinct HTLV lineages in 
this population (Figure 1).
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In a cross-sectional survey of 1,397 residents of Manaus, 
Brazil, we found a seroprevalence of 0.3% for human T-
lymphotropic viruses (HTLVs) 1/2 and identified HTLV 
type 1aC by phylogenetic analysis. Those findings pro-
vide evidence of introduction of West African HTLV-1aC 
into the Brazilian Amazon and highlight regional limita-
tions in genomic surveillance.
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Figure 1. Phylogenetic tree 
of HTLV isolates in study of 
emergence of West African 
HTLV-1aC subgroup, Brazilian 
Amazon. A) HTLV-1 sequences 
obtained in this study (bold text) 
were analyzed with 38 reference 
sequences from GenBank. The 
Manaus isolates clustered within 
the Cosmopolitan subtype, 
including the Transcontinental 
subgroup (WDM1168_BrMao 
and WQC1199_BrMao) and 
the West African subgroup 
(SSS850_BrMao). B) The HTLV-2 
sequence identified in Manaus 
(JDC1001_BrMao, bold text) 
was analyzed with 49 reference 
sequences from GenBank 
(accession numbers provided) 
and clustered within subtype 
HTLV-2c. Trees were inferred 
using the maximum-likelihood 
method under the Kimura 
2-parameter substitution model. 
The best-scoring trees (log-
likelihood −14,610.1 for panel 
A and −2,247.45 for panel B) 
were selected through heuristic 
searches initiated with neighbor-
joining and maximum parsimony 
starting topologies. Branch 
support was assessed with 
1,000 bootstrap replicates. HTLV, 
human T-lymphotropic virus.



After we identified the HTLV-1aC lineage, we 
performed Bayesian time-scaled phylogenetic and 
discrete phylogeographic analyses to infer its intro-
duction and evolutionary history (Figure 2). Our re-
sults demonstrate that strain SSS850_BrMao clusters 

robustly within the HTLV-1aC clade, supporting its 
introduction into Amazonas around 2015 without 
evidence of intermediate dispersal through Pará. In 
contrast, 2 HTLV-1aA sequences clustered with ref-
erence sequences from Japan, indicating a separate 
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Figure 2. Time-scaled phylogeny and discrete phylogeographic diffusion of HTLV-1 lineages in study of emergence of West African 
HTLV-1aC subgroup, Brazilian Amazon. A) Time-calibrated maximum clade credibility tree inferred in BEAST version 10.5 (https://
beast.community) from the long terminal repeat (LTR) dataset (3 sequences from this study plus reference sequences), using sampling 
year as tip date, a strict molecular clock, and discrete geographic-state reconstruction under a continuous-time Markov chain model 
with Bayesian stochastic search variable selection. Branches and tips are colored by inferred location (see key); bold text indicates 
sequences generated in this study. B) Spatiotemporal diffusion reconstructed from Markov jumps. Trajectory colors correspond to each 
Manaus lineage: orange, SSS850_BrMao; green, WDM1168_BrMao; blue, WQC1199_BrMao. Numbers indicate posterior median 
year of first arrival (labels shown for years >1970; Cameroon→Japan step, ≈1928, is retained for context). Line style indicates support: 
dashed, no Bayers factor recovered; solid, weak support (<3; here, 0.2–0.4). Shaded polygons indicate inferred arrival locations 
(Amazonas and Pará states, Brazil, and Japan). HTLV, human T-lymphotropic virus.



introduction into northern Brazil via Pará (≈1971) 
followed by spread to Amazonas (≈1996). Together, 
those findings reveal >2 subtype-stratified introduc-
tions and identify HTLV-1aC as an epidemiologically 
relevant lineage in the region. However, because the 
phylogeographic inferences were based on a ≈579-bp 
5′ LTR region fragment, they should be interpreted 
cautiously.

We observed a HTLV-1/2 prevalence in metro-
politan Manaus, lower than estimates from other re-
gions of Brazil, including Salvador and Mato Grosso 
do Sul (4,5). However, comparisons should be made 
with caution because sampling strategies and popula-
tion composition differ across studies. Beyond preva-
lence, the key finding was detection of HTLV-1aC. 
Although this subgroup has previously been report-
ed in Brazil by restriction fragment length polymor-
phism analysis (6), our study provides phylogeneti-
cally supported evidence of HTLV-1aC’s occurrence 
in the country and places it in phylogeographic con-
text. This result broadens the known distribution of 
HTLV-1aC and suggests that viral diversity in north-
ern Brazil may be greater than previously recognized, 
despite evidence that HTLV-1aA predominates na-
tionwide (7,8). Phylogeographic analyses supported 
>2 subgroup-specific introductions into the region, 
highlighting HTLV-1aC as an epidemiologically rel-
evant lineage. We also identified HTLV-2c in an ur-
ban resident, reinforcing evidence that this subtype 
is not restricted to Indigenous populations and might 
circulate across multiple epidemiologic settings in 
northern Brazil (9,10).

The first limitation of our study is that we used 
convenience sampling at multiple sites, rather than 
a population-based design. Therefore, the sample 
might not fully represent the city’s general popula-
tion. The small number of positive participants pre-
cluded robust inference on risk factors or transmis-
sion routes. Phylogeographic reconstruction was 
further constrained by use of a short 5′ LTR fragment 
from a slowly evolving virus and by uneven regional 
sequence availability, reducing temporal and geo-
graphic resolution.

Despite those limitations, detection of HTLV-1aC 
in Manaus has surveillance relevance because rare 
lineages might remain unnoticed in settings with lim-
ited molecular monitoring. Broader epidemiologic 
surveillance combined with longer genomic regions 
and regionally representative sampling will be essen-
tial to refine lineage dispersion patterns, strengthen 
transmission hypotheses, and support HTLV preven-
tion, diagnosis, and care policies tailored to the Bra-
zilian Amazon.
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Echinococcus multilocularis, a zoonotic tapeworm 
with foxes as the main definitive host and ro-

dents as intermediate hosts, was first detected in 
foxes in the Netherlands in 1996 (1) and is consid-
ered an emerging parasitic pathogen (2). Humans 
and other primates can be infected via contami-
nated food or fomites, risking potentially fatal al-
veolar echinococcosis (AE). We describe a case of 
neurologic AE in a postpartum, zoo-housed gorilla 
in the Netherlands, complicated by pregnancy and 
neonatal care.

In April 2024, a 25-year-old female western low-
land gorilla (Gorilla gorilla gorilla), born in England 
and transferred to GaiaZOO (Kerkrade, the Nether-
lands) in 2013, gave birth to her second young. The 
gorilla had no prior health issues. After parturition, 
lethargy and intermittent anorexia developed, fol-
lowed by intermittent neurologic symptoms in 1 arm 
(hemiplegia) and both legs (paraplegia).
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We report a case of postpartum alveolar echinococcosis 
in a zoo-housed gorilla in the Netherlands in 2024, with 
cerebral involvement causing neurologic symptoms. In-
fection was likely acquired via contaminated feed. This 
case highlights diagnostic challenges, public health risks, 
and the need for preventive feed hygiene and surveil-
lance in endemic regions.



Parasitologic and bacteriologic stool diagnostics 
yielded no results. Because the gorilla was caring for 
a newborn, we initially withheld anesthesia-requir-
ing diagnostics and initiated empirical treatment for 
various differential diagnoses, including Balamuthia 
mandrillaris infection. When symptoms progressed, 
we performed abdominal ultrasonography and blood 
sampling under sedation, revealing abscess-like liver 
lesions. Fine-needle aspiration biopsy yielded bac-
teriologically and mycologically negative purulent 
material, negative for B. mandrillaris by PCR (Eras-
mus Medical Center, Rotterdam, the Netherlands). 
After blood tests and cytology yielded no diagnosis, 
we submitted serum for E. multilocularis serology 
(Laboklin, Bad Kissingen, Germany).

While awaiting results, we noted stiffness and 
worsening of hemiparesis in the gorilla. We postponed 
euthanasia for the newborn to learn to drink from a 
bottle and bond with another female gorilla. By August 
2024, the infected gorilla was unable to walk, prompt-
ing euthanasia. Simultaneously, serologic results re-

vealed E. multilocularis infection. Imaging and necropsy 
showed lesions in the brain (Figure 1, panel A; Figure 2, 
panel A), lungs (Figure 1, panel B), and liver (Figure 1, 
panel C; Figure 2, panel B). Molecular (12S and COX1) 
and serologic tests confirmed E. multilocularis infection, 
acquired after 2016 (Appendix, https://wwwnc.cdc.
gov/EID/article/32/7/26-0136-App1.pdf), leading to 
a final diagnosis of disseminated alveolar echinococco-
sis with liver, lung, and cerebral lesions.

Prior reports have described AE in gorillas (3,4), 
noting clinical similarities of progressive apathy, an-
orexia, and fibrous abdominal adhesions (3–5). In 
the case we describe, disease progressed in 4 months 
from onset to marked deterioration, a more rapid 
course than the 2-year progression described in cases 
from Switzerland and Germany, both of which lacked 
neurologic involvement. A case involving neurologic 
symptoms was reported in a gorilla in Japan that died 
after 9 months (4). In gorillas, cerebral lesions seem to 
accelerate disease progression and could be consid-
ered a marker of terminal AE, similar to humans (6).
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Figure 1. Postmortem computed tomography images in soft tissue window from a case of neurologic alveolar echinococcosis in 
postpartum zoo-housed gorilla, the Netherlands, 2024. A) Transverse view of the brain (anterior is bottom, right is left of image). Green 
arrows show space-occupying lesion within right hemisphere of cerebrum. B) Transverse view of the lung shows fluid- and gas-filled 
lesion within the left lung lobe (arrow). C) Transverse view of the liver shows multiple thick-walled, fluid-filled lesions (asterisks). L 
indicates normal liver tissue; S indicates stomach.

Figure 2. Necropsy brain 
and liver tissue from a 
case of neurologic alveolar 
echinococcosis in postpartum 
zoo-housed gorilla, the 
Netherlands, 2024. A) Cut 
surface of the cerebrum. Right 
hemisphere contains a 3.5-cm 
diameter, space-occupying tissue 
mass with ill-defined borders 
and secondary dislocation of 
preexisting structures. B) Surface 
of the liver. The parenchyma 
is largely replaced by multiple 
variably sized confluent nodules.



Reports of AE in humans have noted an asso-
ciation between brain metastasis, occurring in 1%–
3% of cases (6), and immune suppression, which, 
depending on the host’s cellular immunity and 
cytokine profiles, increases the host’s susceptibil-
ity to infection and parasitic growth rate. Research-
ers reporting an AE case in a woman residing in 
a highly endemic region of China hypothesized 
pregnancy as a predisposing factor for rapid dis-
ease progression in humans, including brain metas-
tasis (7). Another report noted rapid disease pro-
gression during pregnancy in a woman with cystic  
echinococcosis (8).

Born in England, a country free of E. multilocu-
laris parasites, the gorilla we describe was housed 
in the Netherlands from 2013 and was still serologi-
cally negative in 2016, implying local infection. Fox-
es entering the enclosure seemed unlikely because 
of physical barriers; therefore, foodborne infection 
seemed plausible. The gorilla’s diet included locally 
grown fresh produce, leaves, and branches. A prior 
study investigating fruit from this endemic region 
found some to contain E. multilocularis DNA (9). In 
addition, research conducted in a zoo in Switzerland 
revealed fresh produce from the primate diet to be 
contaminated with fox-specific cestodes (10), suggest-
ing contact between fox feces and primate feed.

Strategies to minimize infection risks associ-
ated with AE include feed hygiene measures, such 
as thermo-treatment of branches, hard vegetables, 
and fruits, and purchasing leafy and soft vegetables 
from nonendemic areas (10). Feed should be stored 
indoors, with minimal contact with the ground. Foxes 
should be kept out where possible, and fox feces on 
zoo grounds should be removed, particularly because 
feces from infected foxes also pose a zoonotic risk to 
visitors and employees. To monitor foxes roaming the 
GaiaZOO, zoo staff now regularly collect droppings 
found on zoo grounds, which are then sent out and 
tested for E. multilocularis parasites.

The rapid deterioration due to cerebral involve-
ment in the gorilla we describe illustrates the aggres-
sive course AE can take when the brain is affected 
and demonstrates the importance of including AE in 
the differential diagnosis of neurologic disease, espe-
cially in immunocompromised or pregnant individu-
als in endemic areas. Foodborne transmission from 
locally grown products seemed the most probable in-
fection source, which implies a risk for humans con-
suming fresh produce from endemic areas. Education 
and preventive measures could minimize infection 
risks for zoo animals and other consumers. Our case 
highlights the clinical and ethical complexities of 

managing AE in zoologic settings and reinforces the 
need for surveillance and prevention strategies at the 
human–animal–environment interface.

Acknowledgments
We thank Emile Prins and Ruby Wagensveld for  
providing us with various samples and information and 
Stefanie Veraa for the computed tomography scan report. 
We also thank Chesley van Buuren for performing the 
DNA extractions and, finally, Pieter Jacobs and Léon 
Labout for their active involvement in this case.

About the Author
Ms. Derks is a veterinarian with a master’s degree in One 
Health. She is currently working at the Dutch National 
Institute for Public Health and the Environment, pursuing 
her PhD on the epidemiology and public health risks of 
Echinococcus multilocularis in the Netherlands.

References
  1.	 van der Giessen JW, Rombout YB, Franchimont JH,  

Limper LP, Homan WL. Detection of Echinococcus  
multilocularis in foxes in The Netherlands. Vet Parasitol. 1999; 
82:49–57. https://doi.org/10.1016/S0304-4017(98)00263-5

  2.	 van der Giessen JW, Rombout Y, Teunis P. Base line  
prevalence and spatial distribution of Echinococcus  
multilocularis in a newly recognized endemic area in the 
Netherlands. Vet Parasitol. 2004;119:27–35. https://doi.org/ 
10.1016/j.vetpar.2003.11.001

  3.	 Rehmann P, Gröne A, Lawrenz A, Pagan O, Gottstein B,  
Bacciarini LN. Echinococcus multilocularis in two lowland 
gorillas (Gorilla g. gorilla). J Comp Pathol. 2003;129:85–8. 
https://doi.org/10.1016/S0021-9975(02)00159-7

  4.	 Kondo H, Wada Y, Bando G, Kosuge M, Yagi K, Oku Y.  
Alveolar hydatidosis in a gorilla and a ring-tailed lemur in  
Japan. J Vet Med Sci. 1996;58:447–9. https://doi.org/10.1292/ 
jvms.58.447

  5.	 Rehmann P, Gröne A, Gottstein B, Sager H, Müller N,  
Völlm J, et al. Alveolar echinococcosis in the zoological 
garden Basle. Schweiz Arch Tierheilkd. 2005;147:498–502. 
https://doi.org/10.1024/0036-7281.147.11.498

  6.	 Bresson-Hadni S, Vuitton D-A, Bartholomot B, Heyd B, 
Godart D, Meyer J-P, et al. A twenty-year history of alveolar 
echinococcosis: analysis of a series of 117 patients from 
eastern France. Eur J Gastroenterol Hepatol. 2000;12:327–36. 
https://doi.org/10.1097/00042737-200012030-00011

  7.	 Yang YR, Vuitton DA, Jones MK, Craig PS, McManus DP. 
Brain metastasis of alveolar echinococcosis in a hyperendemic 
focus of Echinococcus multilocularis infection. Trans R Soc 
Trop Med Hyg. 2005;99:937–41. https://doi.org/10.1016/ 
j.trstmh.2005.04.020

  8.	 Kain KC, Keystone JS. Recurrent hydatid disease during 
pregnancy. Am J Obstet Gynecol. 1988;159:1216–7.  
https://doi.org/10.1016/0002-9378(88)90451-6

  9.	 Umhang G, Bastien F, Cartet A, Ahmad H, van der Ark K, 
Berg R, et al. Detection of Echinococcus spp. and other  
taeniid species in lettuces and berries: Two international 
multicenter studies from the MEmE project. Int J Food  
Microbiol. 2025;430:111059. https://doi.org/10.1016/ 
j.ijfoodmicro.2025.111059

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 32, No. 7, July 2026	 1213

RESEARCH LETTERS



10.	 Wenker C, Hoby S, Wyss F, Mengiardi B, Vögtli R,  
Posthaus H, et al. Alveolar echinococcosis in western 
lowland gorillas (Gorilla gorilla gorilla): albendazole was not 
able to stop progression of the disease. J Zoo Wildl Med. 
2019;50:243–53. https://doi.org/10.1638/2018-0064

Address for correspondence: Laura Derks, Centre for Infectious 
Disease Control, National Institute for Public Health and the 
Environment, Antonie van Leeuwenhoeklaan 9, 3721MA 
Bilthoven, the Netherlands; email: laura.derks@rivm.nl

Dracunculus sp. PantanalBr 
Infection in Florida Panthers 
and Bobcat, Florida, USA

Michael J. Yabsley, Alexander Perez,  
Kayla B. Garrett, Christopher A. Cleveland,  
Mark Cunningham, Peter Sebastian,  
Bambi Clemons, Jeff M. Gruntmeir,  
Heather D.S. Walden
Author affiliations: Warnell School of Forestry and Natural  
Resources and Southeastern Cooperative Wildlife Disease Study, 
University of Georgia, Athens, Georgia, USA (M.J. Yabsley);  
University of Georgia, Athens (M.J. Yabsley, K.B. Garrett,  
C.A. Cleveland); University of Florida, Gainesville, Florida, USA 
(A. Perez, J.M. Gruntmeir, H.D.S. Walden); Florida Fish and  
Wildlife Commission, Fish and Wildlife Research Institute,  
Gainesville (M. Cunningham, P. Sebastian, B. Clemons)

DOI: http://doi.org/10.3201/eid3207.260514

Dracunculus (Spirurida:Dracunculoidea) are large 
subcutaneous nematodes that can be found in 

mammals and reptiles (1). The life cycle of the para-
sites involves ingestion of infected cyclopoid cope-
pods via drinking water, although consumption of 
paratenic or transport hosts (amphibians, fish) may 
also be involved (1,2). Female Dracunculus nematodes 

are morphologically indistinguishable by species and 
more commonly detected than the much smaller male 
nematodes, so sequence analysis is necessary for spe-
cies identification (1).

Six of 15 Dracunculus species infect mammals, 
and most studies focus on the human Guinea worm, 
Dracunculus medinensis, in Africa (1). In North Amer-
ica, studies have reported 4 mammalian Dracunculus 
spp. nematodes: D. insignis (in various wild carni-
vores, dogs, cats), D. lutrae and an undescribed spe-
cies (in river otters [Lontra canadensis]), and another 
undescribed species (in a Virginia opossum [Didephis 
virginianus], a river otter [USA], and a dog [Spain]) 
(1,3–5). Researchers have reported 3 Dracunculus 
nematode species in South America: D. jaguape (in a 
neotropical otter [Lontra longicaudis]), D. fuelleborni (in 
a big-eared opossum [Didelphis aurita]), and an unde-
scribed species (Dracunculus sp. PantanalBr) (in dogs 
and a jaguar [Panthera onca] in Brazil) (6,7).

The Florida panther (Puma concolor coryi) is an 
endangered North American puma (P. c. couguar) 
subspecies restricted to South Florida. As part of mor-
tality investigations, Florida Fish and Wildlife Con-
servation Commission veterinarians perform necrop-
sies on panthers and bobcats (Lynx rufus). This study 
reports the findings related to worms collected from 
panthers and a bobcat, including detection of Dracun-
culus sp. PantanalBr.

We removed subcutaneous or internal parasites 
from 12 Florida panthers and 1 bobcat collected in Flor-
ida during 2002–2025, preserving the samples in forma-
lin or 70% ethanol (Figure 1, panel A; Appendix 1 Table, 
https://wwwnc.cdc.gov/EID/article/32/7/26-0514-
App1.pdf). We morphologically identified and geneti-
cally characterized all worms collected (Appendix 1).

Most worms were fragments, so we based iden-
tification on a combination of sequence analysis and 
morphology (characteristic first-stage larvae) (Fig-
ure 1, panel B). We noted 5 panthers and the bob-
cat to be infected with Dracunculus sp. nematodes, 
subsequently identifying parasites from 2 of those 
panthers and the bobcat as Dracunculus sp. Panta-
nalBR. We identified Dirofilaria spp. nematodes in 7 
panthers (Appendix 1).

We obtained partial Dracunculus cytochrome oxi-
dase subunit I (COI) and 18S rRNA sequences from 2 
Florida panthers and the bobcat. The two 657-bp COI 
sequences from Florida panthers were identical and 
were 99.7% similar to Dracunculus sp. PantanalBR 
identified in a jaguar and 98.8% similar to Dracunculus 
sp. PantanalBR detected in a dog (Appendix 2 Table 1, 
https://wwwnc.cdc.gov/EID/article/32/7/26-0514-
App2.xlsx). The bobcat worm sequence was 99.5% 
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We used morphologic and genetic methods to analyze 
subcutaneous worms removed from endangered Florida 
panthers and a bobcat in Florida, USA, identifying Dra-
cunculus sp. PantanalBr and several Dirofilaria spp. 
worms. Dracunculus sp. PantanalBr had been previously 
reported in a domestic dog and a jaguar in Brazil.
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Figure 1. Dracunculus sp. 
PantanalBR nematode samples 
collected in investigation of 
Dracunculus sp. PantanalBr 
infection in Florida panthers and a 
bobcat, Florida, USA. A) Female 
Dracunculus sp. PantanalBR 
nematode was detected in 
subcutaneous tissues of a Florida 
panther (Puma concolor coryi). 
B) First-stage larvae of female 
Dracunculus sp. PantanalBR 
from a Florida panther. Original
magnification ×200.

Figure 2. Phylogenetic tree of Dracunculus sp. PantanalBr nematodes collected from Florida panthers and a bobcat, Florida, USA. A) 
Genetic relationships of Dracunculus sp. PantanalBR from a Florida panther (Puma concolor coryi) and a bobcat (Lynx rufus) compared 
with other Dracunculus spp. based on partial cytochrome c oxidase subunit 1 gene sequences. B) Genetic relationships of Dracunculus 
sp. PantanalBR from Florida panther compared with other Dracunculus spp. based on partial 18S rRNA gene sequences. Boldface text 
represents specimens analyzed in this study. Scale bars indicate substitutions per site.



(654/657 bp) similar to the Florida panther sequences. 
Phylogenetically, the Florida panther and bobcat worm 
sequences grouped with the 2 Dracunculus sp. Panta-
nalBR sequences (Figure 2, panel A). The 18S rRNA 
sequences (956 base pair) from the 2 Florida panthers 
and bobcat were identical and 99.9% similar to Dracun-
culus sp. PantanalBR (806/807 bp) (Appendix 2 Table 
2). Phylogenetic analysis produced a similar tree to the 
COI gene (Figure 2, panel B). Larvae from Dracunculus 
sp. PantanalBR from 1 panther measured 601.67 µm 
long and 25.56 µm wide.

Our data confirm Dracunculus sp. PantanalBR 
nematodes in North America. A prior report of fe-
male Dracunculus nematodes in Florida panthers was 
reported as D. insignis in 2 Florida panthers from 
Monroe County in 1989–1990; however, that investi-
gation included no genetic analysis to confirm species 
(8). Thus, it is unknown if Florida panthers are hosts 
for Dracunculus sp. PantanalBR and D. insignis nema-
todes, although D. insignis nematode infects domes-
tic cats (5). Before our report, researchers reported 3 
Dracunculus nematode species in Florida, including 2 
undescribed Dracunculus clades in 2 river otters and 
unspeciated female Dracunculus nematodes in a do-
mestic dog and raccoons (1,3,4). However, because 
Dracunculus sp. PantanalBR infects dogs and D. insig-
nis nematode is only presumed to occur in Florida, 
worms from dogs and cats should be genetically char-
acterized to determine species.

The Dracunculus sp. PantanalBR life cycle is un-
known, but Dracunculus nematode species use cope-
pods as intermediate hosts, and some species may use 
aquatic paratenic hosts (1,2). Further studies are need-
ed to determine if this parasitic species is transmitted 
through ingestion of copepods or through a paratenic 
host. We discovered the subcutaneous parasites in 
the animals we studied during routine necropsy, and 
no lesions were noted, but researchers have observed 
ulceration and edema in other Dracunculus-infected 
hosts (1,3–7). Dracunculus infections can cause lame-
ness in some hosts, but observation of clinical signs in 
free-ranging wildlife might be difficult.

The Florida panther is restricted to southern Florida, 
and the source of Dracunculus nematodes in the popula-
tion is unknown. Genetic testing of panthers in Florida 
identified a unique lineage in the Everglades National 
Park that appeared to be of South American origin 
(9,10). Researchers presumed the origin of this unique 
genotype was the introduction of 7 captive pumas in the 
1950–1960s to the park, all of which were brought from 
Central America (9,10). Although that history suggests 
a possible introduction route for Dracunculus sp. Pan-
tanalBR nematodes, additional surveillance of canids 

and felids in the Americas is needed to further clarify  
distribution and risk for infection.
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Hookworm infections pose a major public health 
challenge in Papua New Guinea (PNG). His-

toric national estimates suggest that up to three 
quarters of the population may be infected (1); a 
2025 study reported prevalence >80% for the an-
thropophilic hookworm species Necator americanus 
in Madang Province (2). In 2018, the zoonotic hook-
worm Ancylostoma ceylanicum was confirmed in a 

migrant worker returning from Manus Island by 
using molecular methods (3). However, since that 
initial report, no data have been published on the 
prevalence of A. ceylanicum hookworm among local 
populations in PNG. We report molecular evidence 
of locally acquired A. ceylanicum infections in a rural 
community in PNG, alongside a high overall preva-
lence of hookworm infection. 

We conducted a cross-sectional study in collab-
oration with the Balimo District Hospital (Balimo, 
PNG) during January 2020. We recruited commu-
nity members >16 years of age through convenience 
sampling from Balimo, which is situated in the Delta 
Fly District of the Western Province of PNG (Ap-
pendix Figure 1, https://wwwnc.cdc.gov/EID/
article/32/7/25-1657-App1.pdf). We preserved fe-
cal specimens in sodium-acetate 5% formalin (SAF) 
and separately in guanidinium thiocyanate within 8 
hours of submission. We examined SAF-preserved 
specimens for hookworm ova by microscopy, using 
direct unconcentrated and ethyl acetate–concentrated 
fecal smears.

We extracted genomic DNA from guanidinium 
thiocyanate–preserved fecal specimens using the 
Zymo Quick-DNA Fecal/Soil Microbe Miniprep 
Kit (Zymo Research Corporation, https://www. 
zymoresearch.com). We detected 3 hookworm spe-
cies, N. americanus, A. ceylanicum, and A. duodenale, 
using TaqMan quantitative PCR (qPCR) (Integrated 
DNA Technologies, https://sg.idtdna.com) (Ap-
pendix Table). We Sanger sequenced all Ancylostoma 
qPCR-positive samples targeting the internal tran-
scribed spacer region, using custom primers (forward 
5′-GAATGCCGCCTTACTGCTTG-3′ and reverse 
5′-CGATTCAGCAGCAACAACGAG-3′) (Appendix).

Among the 122 participants who submitted a fe-
cal specimen, microscopy detected hookworm ova 
in 28 (22.9%), whereas qPCR identified 64 (52.5%) as 
positive. Combining both methods yielded an over-
all hookworm prevalence of 54.9% (67/122) (Table). 
Three (4.5%) samples that tested positive by micros-
copy were negative by qPCR. N. americanus was the 
predominant hookworm species detected by qPCR, 
identified in 64 (52.5%) participants. We detected 
Ancylostoma spp. hookworm in 4 (3.3%) samples; all 
Ancylostoma-positive participants were also infected 
with N. americanus. All sequences identified in this 
study (GenBank accession nos. PV530493–6) formed a 
distinct cluster with A. ceylanicum sequences, includ-
ing the positive template control isolate (accession no. 
PV530497) and the PNG isolate previously identified 
from the migrant worker (accession no. LC036567), 
confirming all 4 cases as A. ceylanicum hookworm 
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We conducted a cross-sectional study of zoonotic hook-
worm Ancylostoma ceylanicum in humans in Western 
Province, Papua New Guinea, confirmed by internal 
transcribed spacer sequencing. Overall hookworm prev-
alence was 54.9%; A. ceylanicum hookworms were pres-
ent in 3.3% of specimens. One Health approaches are 
needed for hookworm control in Papua New Guinea.



(Figure). We detected no A. duodenale cases (Appen-
dix Figure 2).

This study provides molecular evidence of A. cey-
lanicum hookworm in a rural community in Western 
Province, PNG. Our findings further support the rec-
ognition of A. ceylanicum as the second most common 
human hookworm in the Asia-Pacific region (4); how-
ever, in our study it accounted for only a small pro-
portion of the overall hookworm burden compared 
with N. americanus.

The absence of A. duodenale hookworm prompts 
reconsideration of earlier hookworm surveys in PNG. 
Previous studies relied on larval culture for spe-
cies identification; however, the close morphologic  

similarity between A. duodenale and A. ceylanicum lar-
vae might have led to misclassification, raising the 
possibility that A. ceylanicum infections were histori-
cally present but attributed to A. duodenale. Whether 
that is the case or that A. ceylanicum hookworm was 
more recently introduced remains unclear. A study in 
Madang Province found neither A. ceylancium nor A. 
duodenale hookworm despite high hookworm preva-
lence, indicating geographic variation could also ex-
ist (2). Conditions in Balimo, including free-roaming 
dogs that serve as household guardians, may favor 
potential zoonotic transmission of A. ceylanicum 
hookworms. At the time of our study, veterinary ser-
vices and deworming programs were absent, creating 
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Table. Prevalence of hookworm infections found in study of Ancylostoma ceylanicum hookworm, rural Papua New Guinea, 2020* 

Method 
No. (%) 

Hookworm Necator americanus Ancylostoma spp. 
Microscopy 28 (22.9) NA NA 
TaqMan qPCR† 64 (52.5) 64 (52.5) 4 (3.3) 
Total 67 (54.9) 64 (52.5) 4 (3.3) 
*NA, not applicable; qPCR, quantitative PCR.
†Integrated DNA Technologies, https://sg.idtdna.com. 

 

Figure. Phylogenetic analysis of Ancylostoma spp. in study of A. ceylanicum hookworm, rural Papua New Guinea, 2020. Analysis 
is based on the internal transcribed spacer sequence regions 1 and 2 and conducted with the maximum-likelihood method, using 
the Kimura 2-parameter model. Model selection was based on penalized-likelihood information criteria. The phylogenetic tree was 
visually adjusted using Interactive Tree of Life version 7.2.2 (https://itol.embl.de). Values at branch nodes indicate bootstrap support
values (1,000 replicates). A. braziliense was used as an outgroup to root the tree. GenBank accession numbers are shown; asterisks 
(*) denote sequences identified in this study (accession nos. PV530493–96). We used A. ceylanicum (accession no. PV530497) as a 
positive control. Dash (–) indicates that no information was available for a particular attribute of the strain. Scale bar represents 0.01 
substitutions per site.



opportunities for parasite persistence at the human–
animal–environment interface. Nevertheless, without 
concurrent sampling of local dogs and cats, the con-
tribution of animal reservoirs and the directionality 
of transmission remain unclear.

Delayed specimen processing might have re-
sulted in lysis of hookworm ova, thereby reducing 
the sensitivity of microscopy in our study. Further-
more, hookworm ova are morphologically simi-
lar to those of Strongyloides fuelleborni subspecies 
fuelleborni, which is known to occur in the region 
(5); strongyloidiasis has been detected in the same 
community in which we conducted our study (6). 
That overlap in egg morphology might represent 
one of several factors contributing to the discrep-
ancy observed between microscopy-positive and 
qPCR-negative specimens. In addition, the mod-
est sample size and convenience sampling of par-
ticipants >16 years of age limit the generalizability 
of our findings to the wider community and sur-
rounding areas. Given that untreated hookworm 
infection can persist long term, prevalence esti-
mates may also be influenced by chronic infections 
within the sampled population.

In summary, the presence of A. ceylanicum hook-
worms in this region requires a One Health approach 
to addressing both human infections and animal res-
ervoirs. Traditional deworming programs targeting 
only humans are insufficient for preventing reinfec-
tion and achieving sustainable elimination where 
zoonotic transmission may occur.
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A60-year-old man, a lifelong resident of Castellón
(Valencian Community), Spain, sought treat-

ment for a 2-week history of progressive headache 
and subtle behavioral changes. He had no history of 
international travel or immunosuppression. Neuro-
logic examination revealed mild psychomotor slow-
ing without focal deficits. Initial laboratory tests were 
unremarkable except for an elevated total serum IgE 
of 200 IU/mL (reference <100 IU/mL). A noncontrast 
head computed tomography scan revealed multiple 
ill-defined intra-axial lesions with marked vasogenic 
edema, initially suspected to represent metastatic dis-
ease (Figure, panel A). We initiated dexamethasone 
(8 mg/d), rapidly resolving his symptoms. Extensive 

oncologic workup, including whole-body, contrast-
enhanced computed tomography, colonoscopy, and 
fluorine-18 fluorodeoxyglucose positron emission 
tomography/computed tomography showed no 
primary malignancy. A subsequent brain magnetic 
resonance imaging scan demonstrated numerous 
solid-cystic lesions diffusely distributed throughout 
both hemispheres, displaying ring enhancement (Fig-
ure, panel B). Of note, several cystic lesions contained 
internal nodular components suggestive of a scolex 
(Figure, panel C).

Both the patient we report and his household con-
tacts lacked travel history to Taenia-endemic regions, 
and results of stool examinations for ova and para-
sites for the patient and his household contacts were 
negative. However, the man had previously worked 
as a construction laborer until retiring 10 years prior. 
In that occupation, he frequently shared meals and 
communal sanitary facilities with migrant coworkers 
from regions endemic for Taenia solium tapeworms, 
presenting a potential setting for cryptic fecal–oral 
transmission. 

Given the pathognomonic imaging features and 
the patient history, we evaluated serum antibodies 
against T. solium by using enzyme-linked immuno-
electrotransfer blot at the Spanish National Centre for 
Microbiology (Instituto de Salud Carlos III, Madrid), 
the national reference laboratory. The official report 
confirmed a positive diagnostic result. After noting 
fulfillment of 2 major Del Brutto diagnostic criteria 
(1,2), we established a definitive diagnosis of neuro-
cysticercosis (NCC). We treated the patient success-
fully with albendazole (400 mg 2×/d) and praziqu-
antel (1,200 mg 3×/d) (3), alongside dexamethasone 
taper, without complications.
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Autochthonous neurocysticercosis is exceptionally 
rare in Western Europe. We describe multiple brain 
lesions, initially mimicking metastases, in a 60-year-
old man in Spain without travel history. We confirmed 
diagnosis by neuroimaging and positive serology. Our 
study highlights cryptic local Taenia solium cestode 
transmission risks and diagnostic challenges in nonen-
demic regions.

Figure. Radiologic findings from a study of autochthonous neurocysticercosis brain lesions mimicking metastatic disease, Spain. A) 
Noncontrast head computed tomography demonstrating multiple intra-axial lesions with surrounding vasogenic edema. B) Axial T1-weighted 
magnetic resonance imaging sequence with gadolinium showing multiple ring-enhancing lesions. C) Axial T2-FLAIR magnetic resonance 
imaging sequence revealing cystic lesions with internal nodular components suggestive of a scolex, surrounded by extensive edema.



In Europe and the United States, NCC is a dis-
ease seen predominantly in migrants and returning 
travelers. Autochthonous transmission is exception-
ally rare. In the United States, domestically acquired 
cases account for <2% of all NCC diagnoses, usually 
linked to close contact with a household employee or 
family member from an endemic area (4). In Europe, 
a comprehensive systematic review identified only 
18 confirmed autochthonous cases of NCC across 
Western Europe in 1990–2011 (5). More recent data 
confirm this rarity; during 2000–2019, reports of au-
tochthonous cases across all European Union mem-
ber states totaled <30 (6,7). In Spain, Herrador et al. 
identified 1,912 hospital discharges with cysticercosis 
during 1997–2014, with hospitalization rates parallel-
ing external migration trends (8). 

Our case emphasizes that the absence of travel 
history should not preclude NCC from the differ-
ential diagnosis of multiple ring-enhancing brain 
lesions, even in regions where metastatic cancer is 
statistically much more likely. Early recognition of 
specific neuroimaging markers, such as the scolex, 
coupled with confirmatory enzyme-linked immuno-
electrotransfer blot testing, can prevent unnecessary 
invasive oncologic procedures and lead to prompt, 
targeted antiparasitic therapy.
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In 2004, the global epidemiology of chikungunya 
shifted, when the virus spread from Kenya to is-

lands in the Indian Ocean. By 2013, transmission 
reached the French Caribbean and subsequently  
expanded throughout the Americas. In 2025, the Pan 

American Health Organization reported 631,720 sus-
pected chikungunya cases, primarily in Brazil, Bo-
livia, Argentina, and Paraguay (1). Viral persistence 
in the Americas is driven by a combination of cli-
matic, economic, social, demographic, and entomo-
virologic factors (2).

Cuba maintains a national dengue surveillance 
system for acute febrile illness (AFI) of unknown 
etiology. Serum samples are routinely tested for 
dengue IgM at local laboratories, and molecular test-
ing by quantitative reverse transcription PCR (qRT-
PCR) is conducted at the Arbovirus National Refer-
ence Laboratory of the Institute of Tropical Medicine 
Pedro Kouri (3).

On July 16, 2025, an increase in AFI cases was re-
ported in España Republicana, Perico Municipality, 
Matanzas Province. Serum samples from AFI cases 
collected for dengue IgM detection tested negative 
at Perico laboratory. On July 21, the reference labo-
ratory received 12 serum samples from patients with 
AFI from España Republicana and tested extracted 
RNA by qRT-PCR using QIAmp Viral RNA Mini Kit 
(QIAGEN, https://www.qiagen.com) and VIASURE 
multiplex test (Certest Biotec, https://www.certest.
es) for dengue (DENV), Zika, chikungunya (CHIKV), 
Mayaro, Oropouche, and yellow fever viruses (4). 
Eight (66.7%) samples tested positive for CHIKV and 
1 (8.3%) for DENV.

Confirmed chikungunya patients experienced 
high-grade fever lasting 48–72 hours and unrespon-
sive to antipyretics, and severe disabling joint pain, 
predominantly in the hands, ankles, and back. In-
flammation of the affected joints and a pruritic mac-
ulopapular rash were observed at various stages of 
the illness. Additional symptoms included oral le-
sions, vomiting, nausea, loss of appetite, diarrhea, 
and malaise. Median age was 46 (range 15–72) years. 
An equal number of male and female patients were 
affected. No severe or fatal cases were identified in 
that initial cluster.
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Chikungunya transmission was confirmed in Perico, 
Matanzas Province, Cuba. Initial research confirmed the 
presence of East/Central/South African genotype related 
to Brazil 2025 strains in serum samples and in Aedes 
aegypti mosquito pools from transmission areas. Our 
findings underscore the need for surveillance and signal 
potential spread to other regions.

 
Table. Characteristics of samples collected from symptomatic patients during chikungunya outbreak, Matanzas Province, Cuba, 2025* 

Municipality 
No. 

tested 
Epidemiologic 
week collected 

Mean (range) days 
of sample collection†  

CHIKV-positive  DENV-positive 
No. (%) Mean (range) Ct value‡ No. (%) Mean Ct value‡ 

Perico 12 29 6.5 (2–11) 8 (67) 30.40 (24.25–35.03)  1 (6.6) 37.8 
 15 30 1 (1–3) 15 (100) 23.05 (19.10–30.50)  1 (6.6) 39.7 
Cardenas 2 28–29 6 (6–6) 0 NA  0 NA 
Jovellanos 3 28–30 6 (6–8) 0 NA  1 (33.3) 39.3 
Colon 27 27–30 6 (6–6) 0 NA  0 NA 
Limonar 3 28 6 (6–10) 0 NA  0 NA 
Matanzas city 4 28 4 (1–9) 0 NA  1 (25) 39.6 
Total 66 NA 5.07 (1–9) 23 (34.8) NA  4 (6.06) NA 
*Internal control was positive for all tested samples by quantitative reverse transcription PCR. One sample from Perico municipality tested positive for 
both CHIKV and DENV. CHIKV, chikungunya virus; Ct, cycle threshold; DENV, dengue virus; NA, not applicable. 
†Days of sample collection from illness onset.  
‡Ct threshold was <40 for both CHIKV and DENV by quantitative reverse transcription PCR.  
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Figure. Molecular phylogenetic analysis of chikungunya virus from outbreak in Matanzas Province, Cuba, 2025. We obtained all 
available chikungunya virus sequences from GISAID, then filtered the sequences to ensure dataset and genetic diversity. We inferred 
evolutionary history by maximum-likelihood method by using the Tamura-Nei model (6). We applied the neighbor-joining method 
to a matrix of estimated pairwise distances to obtain initial trees and used a discrete gamma distribution to model evolutionary rate 
differences among sites. We conducted evolutionary analyses in MEGA version 6 (7). Numbers at branches indicate the percentage of 
trees in which associated taxa clustered together. Scale bar indicates number of substitutions per site. DRC, Democratic Republic of the 
Congo; USA, United States.



To assess the extent of transmission, we collected 
acute serum samples from AFI patients in Perico (15 
samples) and neighboring municipalities (39 sam-
ples) on July 23 (Table). All samples tested negative 
for dengue IgM. All Perico samples tested positive for 
CHIKV; 1 case had DENV co-infection. No CHIKV 
was detected in neighboring municipalities, although 
2 samples were positive for DENV.

After confirming CHIKV transmission, national 
surveillance was intensified through active AFI case 
finding; standardized case definitions for suspected 
and confirmed cases were implemented (5). By epi-
demiologic week 52, transmission was confirmed 
in 15 provinces and 147 municipalities, including 
49,258 suspected cases, 1,959 confirmed cases, and 46 
deaths. Severe cases included neurologic complica-
tions (encephalitis, Guillain-Barré syndrome, menin-
goencephalitis), cardiovascular manifestations (acute 
myocarditis, decompensation of preexisting condi-
tions, pulmonary thromboembolism), and perinatal 
or neonatal transmission.

We conducted entomologic investigations in 
the home of the first identified case from a town in 
Perico and 9 neighboring households. We collected 
a total of 16 Culex quinquefasciatus and 8 Aedes aegyp-
ti mosquitoes and grouped them into 3 pools: 10 en-
gorged Cx. quinquefasciatus, 3 engorged Ae. aegypti, 
and 2 nonengorged Ae. aegypti. All pools tested posi-
tive for CHIKV by qRT-PCR. Cycle threshold cutoff 
was 40; values were 36.1 in the Cx. quinquefasciatus 
pool, 39.6 in the engorged Ae. aegypti pool, and 21.7 
in the nonengorged Ae. aegypti pool (Appendix Ta-
ble, https://wwwnc.cdc.gov/EID/article/32/7/ 
26-0344-App1.pdf). 

The detection of CHIKV in engorged mosquitoes 
of both species suggests the presence of the virus in 
the blood of residents. Detection in nonengorged Ae. 
aegypti mosquitoes supports active viral replication 
and ongoing transmission. We ruled out contamina-
tion, because all extraction and PCR negative controls 
were negative and mosquito samples were processed 
separately from human specimens.

For genetic characterization, we sequenced 
CHIKV from 2 human serum samples and 2 mos-
quito pools (engorged and nonengorged Ae. aegypti) 
using the MinION (Oxford Nanopore Technologies, 
https://nanoporetech.com), achieving >80% ge-
nome coverage. Phylogenetic analysis showed that 
the Cuba sequences formed a monophyletic clade, 
sharing a most recent common ancestor with Brazil 
sequences from 2021 and 2025, and clustering with 
sequences from Uruguay, Paraguay, and Argentina 
from 2023 (Figure; Appendix). We classified the vi-

rus within genotype II ECSA, consistent with strains 
circulating in the Americas (Chikungunya Typing 
Tool version 3.72 (Genome Detective, https://www.
genomedetective.com). We did not detect the E1-
A226V mutation associated with increased infectiv-
ity in Ae. albopictus (8). We deposited sequences in 
GISAID (accession nos. EPI_ISL_20294022–25). 

Our findings document a chikungunya out-
break in Cuba. A previous outbreak occurred in 
Santiago de Cuba Province in 2015 and was suc-
cessfully contained; no subsequent transmission 
was detected (3). This outbreak underscores the 
importance of strengthening arbovirus surveillance 
systems. Early detection was achieved in a small 
town where the virus had not been previously re-
ported, despite the presence of competent vectors 
and substantial travel exchange with other coun-
tries in the region.

In conclusion, chikungunya incidence might be 
increasing globally because of favorable climatic and 
environmental conditions, as well as the accumula-
tion of susceptible populations. The Cuba outbreak 
highlights the need for integrated clinical, epidemio-
logic, virologic, and entomologic surveillance to ex-
plore additional mutations and clarify introduction 
pathways of arboviruses in the Americas.
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etymologia revisited
Escherichia coli
[esh”ə-rik’e-ə co’lī]

A gram-negative, facultatively anaerobic rod, Escherich-
ia coli was named for Theodor Escherich, a German-

Austrian pediatrician. Escherich isolated a variety of bac-
teria from infant fecal samples by using his own anaerobic 
culture methods and Hans Christian Gram’s new stain-
ing technique. Escherich originally named the common  
colon bacillus Bacterium coli commune. Castellani and Chalm-
ers proposed the name E. coli in 1919, but it was not officially 
recognized until 1958.
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This month’s cover, An Everlasting Love by Sherri 
Richards, features former US President Jimmy 

Carter (1924–2024) and his wife, Rosalynn (1927–
2023). The painting, inspired by a photograph Mrs. 
Richards’ husband, Dr. Frank Richards, took of the 
Carters on a trip to Ethiopia in 2007, depicts the Cart-
ers walking along a red dirt path that winds through 
a field of flowers and trees.

“The road had a reddish color, like the red clay of 
Georgia, and President and Mrs. Carter were walking 
up that road,” Mrs. Richards recalled. “[The Carters]  

going up the path hand-in-hand was me seeing 
them walking to heaven together” (S. Richards, pers. 
comm., interview, 2026 Apr 13).

Mrs. Richards lives in Atlanta, Georgia, USA, and 
holds a fine arts degree from Georgia State Univer-
sity. Her husband, a public health expert on the elimi-
nation of parasitic diseases, worked for The Carter 
Center until he retired in 2024. An Everlasting Love 
was created that same year in response to an invita-
tion from The Carter Center to donate a painting for 
its annual donor retreat and auction, as she had done 
in previous years.

Shown from behind, in casual clothes, the Cart-
ers’ figures are instantly familiar. In the background, 
Mrs. Richards included some of Mrs. Carter’s favorite 
flowers and butterflies. An Everlasting Love captures 
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the love and kindness for humanity and each other 
that the Carters shared, which helped lead to their 
founding of The Carter Center in 1982.

The Carter Center was created with a focus on 
human rights and peace but also established pro-
grams to eliminate or reduce certain tropical diseases 
because the Carters championed health as a funda-
mental human right. Since its founding, The Carter 
Center has improved the lives of millions of people 
affected by diseases neglected by public health sys-
tems around the world. The Carter Center’s first ex-
ecutive director, appointed in 1986, was Dr. William 
Foege (1936–2026); Carter had appointed Dr. Foege 
director of the then-named Center for Disease Con-
trol (CDC) in 1977, during his presidency.

In the history of public health, only 2 diseases have 
been globally eradicated. First was smallpox in 1980, 
during Dr. Foege’s tenure at CDC and in which he had 
a critical role; that accomplishment is heralded as one 
of mankind’s greatest achievements. The second was 
rinderpest, a devastating veterinary disease with high 
mortality rates in cattle and wildlife, declared eradi-
cated in 2011. Eradication of smallpox and rinderpest 
permanently relieved the world of 2 deadly infectious 
threats. Now, thanks to the work of President Carter 
and The Carter Center, another centuries-old illness 
might soon be added to that short list: dracunculiasis, 
also known as Guinea worm disease.

Guinea worm disease, a tropical disease of pov-
erty, is caused by the nematode Dracunculus medinen-
sis. Humans contract infections when they drink wa-
ter contaminated with copepod crustaceans infected 
with Guinea worm larvae. When the copepod is di-
gested, larvae penetrate the digestive tract, migrate 
into the body, and develop into adults. After ≈1 year, 
the gravid adult female worm makes its way to the 
skin, where it causes a burning and painful blister. 
Infected people seeking relief immerse the affected 
limb in water (often a nearby pond), which triggers 
the worm to emerge and eject larvae, contaminating 
the water. Copepods then ingest the larvae, perpetu-
ating the life cycle.

During worm emergence, infected people ex-
perience intense pain, ulcer formation, and allergic 
reactions. Other symptoms include infections of the 
wound, general malaise, fever, and gastrointestinal 
symptoms. If the worm breaks during emergence, 
severe allergic reactions can result. Potential long-
lasting complications include chronic inflammation, 
pain, and, in severe cases, disability resulting from 
joint damage.

Dracunculiasis is an ancient disease and was first 
called Guinea worm disease by Europeans who saw 

it along the Gulf of Guinea in West Africa. The or-
ganism has been found in an Egyptian mummy and 
likely was referenced by the Greek writer Agathar-
chides (2nd Century BCE). An anonymous medieval 
illustration depicting Saint Roch pointing his forefin-
ger at a worm emerging from a wound on his inner 
thigh probably portrays dracunculiasis (Figure).

In 1980, after smallpox eradication, the Guinea 
Worm Eradication Program (GWEP) began at CDC. 
By 1982, the World Health Organization and the US 
Agency for International Development convened the 
first international meeting on Guinea worm eradica-
tion; in 1986, the World Health Assembly called for 
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Figure. An image of Saint Roch, a French pilgrim and plague 
saint from the 14th Century, by an unknown painter (ca. 15th–16th 
Century). The painting shows what is likely a Guinea worm 
emerging from his leg. Source: Wikimedia Commons.



elimination of Guinea worm disease, a goal that it lat-
er upgraded to global eradication. Also in 1986, aided 
by Carter’s leadership and unique diplomatic skills, 
The Carter Center became the leading partner for the 
GWEP. Over the past 4 decades, CDC has provided 
technical support for those efforts, which have been 
endorsed by the World Health Organization, imple-
mented by national programs of endemic countries, 
and backed by many other partners and benefactors.

The Carter Center and its partners’ ongoing work 
to fight Guinea worm disease has yielded astounding 
results. In 1986, an estimated 3.5 million human cases 
of Guinea worm disease occurred across 21 countries 
in Asia and Africa. By the end of 2025, that number 
had dwindled to just 10 cases in 3 countries. That 
dramatic decrease was accomplished without drugs 
or vaccines, instead focusing on clean water, behav-
ior modification, vector control, and other nonphar-
maceutical interventions. However, in 2023, parasite 
persistence in animals led to redefinition of world-
wide eradication by the International Commission 
for the Certification of Dracunculiasis Eradication as 
“confirmed absence of the emergence of adult female 
worms (defined as compatible with the interruption 
of transmission of D. medinensis) in humans and ani-
mals for three consecutive years or longer at the glob-
al level.” Approximately 700 cases were detected in 
animals in 6 countries in 2025.

The GWEP has pioneered several interventions to 
support Guinea worm eradication efforts. Carter him-
self recruited many strategic partners that committed 
to support GWEP until eradication is accomplished. 
Those long-lasting partnerships ensured sustain-
ability of key program interventions, such as filter-
ing water through cloth to remove copepods, using 
variant straw-type filters for drinking water directly 
from ponds, and chemically treating water to reduce 
copepod infestation. In 2025, The Carter Center pro-
duced a documentary, The President and the Dragon, 
highlighting Carter’s work behind the scenes toward 
the goal of dracunculiasis eradication.

The Carter Center has also spearheaded peace 
efforts to support health initiatives. In 1995, Carter 
brokered a cease fire in the Sudan civil war that en-
abled the GWEP to work in the conflict areas, while 
also providing urgently needed medical support and 
immunizations. Those efforts became the model for 
other similar peace for health initiatives. On the epi-
demiologic side, the GWEP established a reward sys-
tem to improve detection of infections and postelimi-
nation surveillance. Most of those initiatives became 
established thanks to direct support from Carter. The 
Carter Center has also established health programs 

for elimination of diseases including river blindness 
(onchocerciasis), lymphatic filariasis, malaria, schis-
tosomiasis, and trachoma.

Late in his life, President Carter stated he hoped 
to outlive Guinea worm disease. He did not reach 
that milestone, but his long years of support for in-
terventions and research helped bring Guinea worm 
eradication within reach. When he accepted the No-
bel Peace Prize in 2002, Carter said, “The bond of our 
common humanity is stronger than the divisiveness 
of our fears and prejudices. God gives us the capacity 
for choice. We can choose to alleviate suffering.” Long 
after President Carter’s death, the Carters’ legacy at 
The Carter Center will continue to alleviate suffering 
and advance public health by fighting to eradicate 
Guinea worm disease and other neglected diseases.
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Article Title
Trichinellosis Outbreak Linked to Undercooked 

Bear Jerky, North Carolina, USA, 2024

CME Questions
1. �Which of the following statements regarding 

trichinellosis is most accurate?
A.	 There were 106 cases of trichinellosis reported in 

North Carolina between 1991 and 2022
B.	 Complete freezing of wild game meat will eliminate the 

risk for trichinellosis
C.	 There were no motile Trichinella spiralis larvae noted 

after freezing meat in the current study
D.	 Seroconversion in trichinosis can occur weeks after 

infection

2. �What were 3 of the symptoms required to define 
clinical trichinellosis in the current study?

A.	 Fever, periorbital edema, eosinophilia
B.	 Fever, rash, transaminitis
C.	 Myalgia, headache, neutropenia
D.	 Myalgia, diarrhea, acute kidney injury

3. �What was the overall attack rate of trichinellosis 
after the consumption of bear jerky in the  
current study?

A.	 10%
B.	 30%
C.	 50%
D.	 90%

4. �What was the median incubation period for 
trichinellosis in the current study?

A.	 4 days
B.	 8 days
C.	 14 days
D. 	 33 days
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