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Interrupting transmission and infection caused by 
multidrug-resistant organisms (MDROs) in health-

care settings can help mitigate the global antimicro-
bial resistance (AMR) crisis, reduce illness and death, 
increase patient safety, and extend the usefulness of 
currently available antimicrobial medications. Past 
progress in this area showed infection prevention and 
control (IPC) strategies, along with antibiotic stew-
ardship, saved lives and reduced unnecessary antibi-
otic use. The Centers for Disease Control and Preven-
tion (CDC) reported that, from 2013 to 2019, deaths 
from AMR infections decreased by 18% overall and 

by 28% in hospitals (1). Despite that progress, during 
the COVID-19 pandemic, resistant healthcare-associ-
ated infections (HAIs) in the United States increased 
by 15%, possibly because of pandemic-related inter-
ruption of comprehensive prevention practices and 
antibiotic stewardship (2). Bacterial AMR remains a 
leading health issue nationally; >2.8 million persons 
are infected annually in the United States (1), and 
>4.95 million AMR-associated deaths were reported 
worldwide in 2019 (3).

Many HAIs are preceded by colonization with 
the infecting pathogen; colonized patients’ subse-
quent infection risk is increased by invasive devices, 
surgery, and receipt of antibiotics for prophylaxis or 
treatment for an unrelated infection (4–7). Pathogens 
that cause HAIs can be transmitted through direct or 
indirect contact from both asymptomatically colo-
nized and symptomatically infected patients. Trans-
mission to other persons at risk for colonization, in-
fection, or both is especially notable because many 
risk factors for colonization overlap with those for 
infection. Newly colonized or infected persons then 
become potential secondary reservoirs for transmis-
sion. Hence, reducing pathogen burden in colonized 
patients could reduce not only risk to the original 
colonized person but also risk to the larger health-
care population. Here, we discuss current strategies 
for pathogen reduction that decolonize to various ex-
tents, evidence for effectiveness in preventing infec-
tions, potential future therapies leveraging the colo-
nization resistance afforded by the microbiome, and 
outstanding needs in this area to promote infection 
prevention and patient safety.

Role of Colonization in Pathogenesis
The human body is perpetually colonized by microor-
ganisms (i.e., microbiota), along with those organisms’ 
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Antimicrobial resistance in healthcare-associated bacte-
rial pathogens and the infections they cause are major 
public health threats affecting nearly all healthcare facili-
ties. Antimicrobial-resistant bacterial infections can occur 
when colonizing pathogenic bacteria that normally make 
up a small fraction of the human microbiota increase in 
number in response to clinical perturbations. Such infec-
tions are especially likely when pathogens are resistant to 
the collateral effects of antimicrobial agents that disrupt 
the human microbiome, resulting in loss of colonization 
resistance, a key host defense. Pathogen reduction is an 
emerging strategy to prevent transmission of, and infec-
tion with, antimicrobial-resistant healthcare-associated 
pathogens. We describe the basis for pathogen reduction 
as an overall prevention strategy, the evidence for its ef-
fectiveness, and the role of the human microbiome in col-
onization resistance that also reduces the risk for infection 
once colonized. In addition, we explore ideal attributes of 
current and future pathogen-reducing approaches.
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associated metabolites and immediate environment 
(i.e., microbiome), which greatly influence human 
health and well-being. Most abundant in the intestines, 
mouth, skin, nose, and vagina, bacterial association 
with a human host can be transient or sequentially 
develop into life-long colonization (Table). Colonizing 
bacteria can be integrated as symbionts or pathobionts 
of the microbiome; pathobionts, in some instances, can 
be embedded in the commensal landscape and capable 
of blooming to cause infection in perturbed conditions 
(7,8). Because colonization can last for months to years, 
delineation between endogenous infection, in which 
a patient is infected with a pathogen from their own 
microbiota, and exogenous infection, in which they are 
infected with a pathogen more recently transmitted to 
them, is not always clear. Of note, pathogenic bacterial 
colonization in the intestine is normally limited by non-
pathogenic commensal bacteria in the human microbi-
ome, known as colonization resistance (7). Disruption 
of the intestinal microbial community with antibiotic 
prophylaxis before medical procedures or during treat-
ment of unrelated syndromes reduces colonization re-
sistance and opens the door for colonizing pathogens 
to cause infection, especially when the pathogen is re-
sistant to the antibiotics causing the disruption.

Nasal carriage of Staphylococcus aureus has long 
been considered a major risk factor for wound infec-
tions, surgical-site infections (SSIs), or bloodstream in-
fections (BSIs) (9). S. aureus bacteremia has been shown 
to be caused by endogenous infections arising from a 
colonizing S. aureus strain; up to 80% of nosocomial 
bacteremia cases are linked to an endogenous source 
(9,10). In a large trial of >14,000 patients screened for 
S. aureus colonization, risk for nosocomial bactere-
mia was much higher for S. aureus nasal carriers than 
noncarriers (10). The HAI burden of S. aureus coloni-
zation is compounded by methicillin-resistant S. au-
reus (MRSA). MRSA has a higher attributable 30-day 

mortality risk than multidrug-resistant gram-negative 
bacteria (MDR-GNB) (11) and carries substantial risk 
for infection after discharge in colonized patients (12). 
One study estimated the pooled global prevalence of 
MRSA in elderly care centers to be >14%, illustrating 
the growing need for effective pathogen reduction and 
decolonization approaches for one of the most preva-
lent and threatening MDROs for global health (13).

In addition to MRSA colonization of the nares, 
unrecognized colonization with MDROs in the gas-
trointestinal tract and other body sites poses a risk 
in vulnerable patient populations (14). A recent sys-
tematic review and metaregression quantified the 
pooled cumulative incidence of infection in patients 
colonized with MDROs; intestinal colonization with 
MDR-GNB led to 14% incidence of infection at 30 
days follow-up and vancomycin-resistant enterococci 
(VRE) led to 8% incidence (15). 

Intestinal colonization with extended-spectrum 
β-lactamase–producing Enterobacterales, a drug-resis-
tant family of bacteria with limited treatment options, 
is associated with greatly increased incidence of BSIs 
(16). In a longitudinal study, increased relative abun-
dance (i.e., >22%) of carbapenem-resistant Enterobac-
teriaceae in the microbiota of critically ill patients was 
associated with increased risk for BSIs (4). Likewise, 
hematopoietic stem cell transplantation patients who 
had >30% relative abundance of VRE in the microbiota 
were at a 9-fold higher risk for bloodstream VRE infec-
tions (6). Therefore, partially or completely reducing 
the colonizing load of a pathogen, especially during a 
period of critical illness or for high-risk patients, is a 
promising approach for HAI prevention.

Evidence for and Current Applications of  
Pathogen Reduction
Pathogen reduction is central to some forms of cur-
rently recommended antibiotic prophylaxis backed 
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Table. Key definitions used to describe decolonization and pathogen reduction to prevent antimicrobial resistance and healthcare-
associated infections 
Term Definition 
Colonization Harboring living, actively dividing, and stable bacterial cell 

populations that do not cause symptoms of disease or infection. 
Decolonization Removing or reducing the burden of a pathogen, either 

temporarily or permanently. 
Pathogen reduction Substantial reduction of colonizing pathogen load, inclusive of, but 

not solely related to, decolonization, and more focused over a 
short period of increased infection or transmission risk. 

Cross-transmission Transmission of bacterial infection and antimicrobial resistance. 
Opportunistic pathogen Disease-causing microbes that can invade the body and cause 

disease under conditions of weakened immune defense. 
Pathobiont Opportunistic pathogenic bacteria that can emerge from the 

human microbiota to cause disease when its microbial ecology is 
disturbed. 

Pathotype A group of bacteria within the same species that can attack a host 
in different ways. 

 



Decolonization and Pathogen Reduction

by evidence-based guidelines from major public 
health organizations, specifically for prevention of 
SSIs (17). For example, use of combined oral antimi-
crobial prophylaxis before elective colorectal surgery 
and decolonization of surgical patients with anti-
staphylococcal agents for orthopedic and cardiotho-
racic procedures received high-quality evidence from 
a recent practice recommendation to prevent SSIs in 
acute-care hospitals (18). Both examples prevent in-
fections by reducing potentially pathogenic bacterial 
bioburden and suppressing colonization. In our view, 
antibiotic selection for prophylaxis should match 
the expected susceptibility of colonizing pathogens; 
pathogen reduction in the form of prophylaxis comes 
at the expense of potentially increasing antimicrobial 
resistance. Although antibiotic prophylaxis before 
bowel surgery targets gram-negative and anaerobic 
bacteria from the gut, mupirocin applied to the an-
terior nares can decolonize or reduce local numbers 
of S. aureus.

To prevent HAIs more broadly, CDC guidance 
for preventing MRSA infections includes several 
core and supplemental strategies to implement de-
colonization and pathogen reduction, including in-
tranasal mupirocin and chlorhexidine bathing (19). 
Evidence supporting that guidance includes the RE-
DUCE MRSA cluster-randomized trial encompass-
ing 74 intensive care units (ICUs) and nearly 75,000 
patients (20). That trial reported a 37% reduction in 
MRSA-positive clinical cultures and a 44% reduction 
in BSIs from any pathogen by following universal 
decolonization with chlorhexidine bathing in routine 
ICU practice (20). The benefits of chlorhexidine for 
routine bathing were also evident after a cluster-ran-
domized trial of 28 nursing homes in which universal 
decolonization with chlorhexidine and nasal povi-
done/iodine reduced prevalence of MDRO carriage 
and need for transfer to a hospital (21). An additional 
benefit of chlorhexidine bathing is a limited poten-
tial for unintended microbial consequences because 
this approach does not greatly disrupt the commen-
sal skin microbiota (22). Given its broad-spectrum 
activity against gram-negative and gram-positive 
MDROs, chlorhexidine bathing represents an ef-
fective and microbiota-sparing pathogen reduction 
strategy to prevent HAI (22). Furthermore, pathogen 
reduction of the body surface is a widely available, 
noninvasive solution that, although in some instanc-
es challenging to implement, can be used at admis-
sion to healthcare settings to reduce general infection 
risk and increase patient safety facilitywide. The suc-
cesses of both mupirocin and chlorhexidine as topi-
cal decolonization agents cannot be overstated in any 

discussion on pathogen reduction as a public health 
intervention for preventing HAIs. A comprehensive 
review and discussion of those decolonization strate-
gies is available (23).

Despite its success, topical decolonization is not 
simple to implement, but pathogen reduction of the 
gastrointestinal tract can be even more challenging. 
One relatively well characterized method is selective 
decontamination of the digestive tract (SDD), prac-
ticed under guidelines in critically ill patients in the 
Netherlands (24). Application of SDD antibacterial 
suspensions along with short courses of intravenous 
third-generation cephalosporin has been associated 
with improved patient outcomes in critically ill hos-
pital patients in the Netherlands, where AMR preva-
lence is relatively low (24). However, SDD effective-
ness in settings of moderate to high AMR remains to 
be verified. The SDD strategy was shown effective 
at considerably reducing carbapenem-resistant Kleb-
siella pneumoniae in a cohort of colonized patients 
with severe underlying conditions, suggesting that 
a pathogen reduction approach might be suitable for 
critically ill patients colonized with K. pneumoniae 
(25). However, the combination of nonabsorbable and 
intravenous prophylactic antimicrobial drugs during 
SDD raises concerns for long-term effects on selecting 
for AMR in patients’ gut microbiota once SDD is dis-
continued (26). SDD of critically ill patients colonized 
with MDR-GNB has been most extensively explored 
in Europe, including a multiyear trial in Spain that 
reported marked reduction of MDR-GNB infections 
after SDD treatment in an ICU with high AR preva-
lence (27). Nevertheless, the European Committee of 
Infection Control has withheld recommendations for 
decolonization or pathogen reduction with SDD, cit-
ing major limitations in study heterogeneity, coloni-
zation pressure, and SDD agents (28).

Whether a universal approach to pathogen re-
duction is more effective than a targeted approach on 
the basis of screening patients for colonization with 
specific pathogens is still under scrutiny. Available 
evidence suggests a universal approach is more effec-
tive, for example, in reducing BSIs from any patho-
gen compared with targeted pathogen reduction of S. 
aureus–colonized patients only (20). The potential im-
pact of effective pathogen reduction on illness, death, 
and costs is greatly influenced by additional indirect 
benefits that exponentially amplify the direct benefit 
to the index patient (29). Indirect benefits of pathogen 
reduction have the potential to extend beyond the pa-
tient to uncolonized persons through presumed de-
creases in pathogen shedding from recently decolo-
nized patients, leading to a cascade of (theoretically) 
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prevented infections and deaths (29). One cost-effec-
tiveness analysis measured life-years gained after de-
colonizing antibiotic treatment compared with infec-
tion treatment only and described the cost-effective 
potential of decolonization in a long-term acute care 
hospital setting (30). Using a compartmental model, 
those analyses showed up to 40-fold more deaths pre-
vented and up to 30-fold more BSIs prevented, and 
the cost effectiveness was reflected by negative incre-
mental costs when indirect effects of decolonization 
were included (30). Thus, decolonization can improve 
not only individual patient safety but also plausibly 
that of an entire healthcare system by reducing the 
pathogen burden at the population level.

Leveraging the Human Microbiome in  
Pathogen Reduction
In addition to the potential long-term AMR risks 
that could emerge from decolonization strategies 
that prioritize antibacterial prophylaxis, prophylaxis 
with broad-spectrum antibiotics including fluoroqui-
nolones (e.g., in neutropenic cancer patients) carries 
high risk for antibiotic-associated adverse events, 
including Clostridioides difficile infection (CDI) (31). 
Therefore, alternative pathogen reduction approach-
es are needed. Pathogenic and often drug-resistant 
bacteria that increase and dominate the gut in clini-
cal settings take advantage of ecologic disturbances 
in the microbiota during hospitalization. Intestinal 
domination with drug-resistant pathogens greatly 
increases risk for bacterial translocation in the gut, 
leading to bacteremia in vulnerable populations (4). 
To continue to elevate patient safety amid increas-
ing AMR threats, future approaches should focus on 
microbiome-preserving or microbiome-restorative 
interventions that enrich beneficial populations of 
microbes to provide colonization resistance against 
pathogens. Thus, the functional roles of the human 
microbiome in colonization resistance should be con-
sidered for all decolonization strategies. The loss of 
microbial diversity in the intestine and the coloniza-
tion resistance afforded by it resulting from antibiotic 
exposure, inflammation, or other perturbations, can 
lead to intestinal domination by pathobionts that pro-
duce new or emerging pathotypes (7).

Prior antibiotic use is a strong risk factor for 
healthcare-associated CDI (31). Asymptomatic C. dif-
ficile colonization is common in hospitalized patients 
and long-term care facility residents, but carriage 
might be transient depending on the stability of the 
microbiota. Microbiome disruption and immuno-
suppression increase CDI risk in colonized patients, 
and ≈10%–60% of patients colonized with toxigenic 

C. difficile develop symptomatic disease (32). High 
asymptomatic colonization rates of up to 18% in 
hospitals (32), up to 15% in long-term care facilities 
(33), and >50% in 1 reported outbreak setting (33) are 
alarming given the transmission potential of asymp-
tomatic carriers (32,33). Although prophylactic oral 
vancomycin for preventing CDI in patients treated 
with systemic antibiotics is an active area of investi-
gation, considerable long-term impacts of this strat-
egy on the microbiome are possible (5). A stable gut 
microbiome serves as a primary defense from initial 
C. difficile colonization and prevents transition from 
colonization to symptomatic infection. Even though 
C. difficile colonization can exert toxigenicity at very 
low relative abundances in human microbiomes, 
more severe CDI symptoms are positively correlated 
with lower PCR cycle threshold values, which reflect 
higher pathogen loads (34). Thus, pathogen reduc-
tion could be an applicable approach for low abun-
dance toxigenic gut colonizers.

A need for effective gut pathogen reduction strat-
egies for C. difficile and other MDROs exists, as does 
a need for approved and standardized microbiome-
based therapeutics aimed at prevention rather than 
treatment. Fecal microbiota transplantation (FMT) is 
one strategy to treat patients with recurring CDI who 
do not respond to standard therapies. A 2013 study 
reported a successful randomized control trial of 
FMT to treat recurring CDI (35). Since then, continued 
advancements in safety and efficacy of that treatment 
have been made through multiple clinical trials with 
largely favorable outcomes (36). Of note, in 2022, the 
US Food and Drug Administration (FDA) approved 
a fecal microbiota product under the trade name Re-
byota (RBX2660; Ferring Pharmaceuticals, https://
www.ferring.com) to treat recurring CDI after antibi-
otic therapy (37). That approval was followed by FDA 
approval of the oral product Vowst (SER-109; Seres 
Therapeutics, https://www.serestherapeutics.com) 
(38). Therefore, FMT and related live biotherapeutic 
products represent a promising microbiome-based 
therapy for recurring CDI. However, effective pre-
vention and treatment of primary CDI and effective 
pathogen reduction for asymptomatic carriers are still 
needed. Challenges in regulation of FMT remain be-
cause of sample heterogeneity and other hurdles, but 
development of more standardized microbiome res-
toration products through defined bacterial consortia 
shows positive results after phase 2 clinical trials (39).

Fortifying the microbiome with live biothera-
peutic products can influence and prevent disease by 
supplementing essential components of colonization 
resistance. One study pointed to post-FMT reductions 
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in hospital stay duration and antibiotic use in addi-
tion to overall reduction of bacteremia and illness, 
despite modest long-term decolonization rates (40). 
FMT-treated recurring CDI patients also have been 
shown to have lower risk for BSI and reductions in 
hospitalizations compared with patients treated with 
antibiotics (41). Other clinical and immunologic out-
comes that contribute to patient health and safety evi-
dently are also contributing to the holistic benefits of 
pathogen reduction. 

The evidence for decolonization effectiveness and 
the importance of the human microbiome in coloni-
zation resistance still point to pathogen reduction as 
the primary or preferred mechanism for preventing 
infection. Another novel approach of preserving the 
microbiome is demonstrated by a placebo-controlled 
trial for S. aureus decolonization of healthy adults 
using a probiotic Bacillus spp. (i.e., a live biothera-
peutic). Oral administration led to a 95% reduction 
in S. aureus total abundance from both the intestines 
and the nares without adverse effects or altering the 
microbiome (42). The use of live biotherapeutics in 
pathogen reduction should be further explored for 
potential clinical impact.

Ideal Attributes of Current and Future  
Pathogen-Reducing Agents
To devise the best approaches, other ideal attributes 
of current and future pathogen-reducing agents 
should be considered (Figure). Given the central 
role of the microbiome in colonization resistance 
and the selective pressure that antimicrobial drugs 
can have on the human microbiota, selectivity is a 
crucial aspect of pathogen reducing agents, espe-
cially agents that directly kill or inhibit bacterial 
growth. Ideally selectivity would be limited to the 
pathogen or group in question, for instance, aerobic 
gram-negative spectrum used in SDD. In addition, 
the administration routes (e.g., topical chlorhexi-
dine) or drug kinetic factors (e.g., nonabsorbable 
antibiotics) that limit distribution of the agent to 
the colonization site would protect the microbiota 
at other body sites. Chlorhexidine is one beneficial 
pathogen-reducing agent because it is an antiseptic 
agent that acts markedly differently from other cur-
rent therapeutic antimicrobial agents. In addition, 
chlorhexidine has high potency for gram-positive 
organisms in relation to levels typically achieved 
when applied to the skin. 
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Figure. Preferred attributes for decolonization and pathogen reduction approaches to prevent antimicrobial resistance and healthcare-
associated infections. Examples of these approaches include the following: highly selective, e.g., selective digestive decontamination 
targeting aerobic gram-negative bacilli; limited distribution, e.g., nonabsorbable antimicrobial drugs; avoids cross-resistance, e.g., 
chlorhexidine biocide; high potency, e.g., preventing selection of resistant mutations; stable or reproducible, e.g., use of phages to 
decolonize or reduce bacterial burden; and microbiome protective, e.g., using the human microbiome to spare beneficial microbes.
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Another example of a potential future agent pos-
sessing several ideal attributes is lysostaphin, a bacte-
riocin with a limited spectrum of activity. Lysostaph-
in applied nasally is highly active in killing S. aureus 
relative to achievable concentrations (43).

Leveraging the microbiome is another ideal 
attribute of a pathogen-reducing agent. Future 
strategies that leverage the microbiome in patho-
gen reduction should expand applications beyond 
recurrent and primary CDI and capitalize on mi-
crobial ecology to achieve MDRO reduction while 
limiting use of antimicrobial agents. Results from 
PREMIX, a randomized controlled trial of FMT for 
MDRO decolonization, reported substantial reduc-
tions of colonization and infection, and replace-
ment of extended-spectrum β-lactamase–produc-
ing E. coli strains by more susceptible strains after 
FMT (44). FMT for pathogen reduction in immuno-
compromised patients undergoing transplantation 
for hematologic malignancies is also effective for 
reconstituting the gut microbiota (45). 

Another preferred attribute is sustained patho-
gen reduction activity over time and the ability of an 
agent to replicate in the human microbiome or the 
environment. Pathogen reduction could revive in-
terest in the use of bacteriophages, viruses that only 
infect bacteria, to target specific MDROs. One report 
highlights the development of an engineered phage 
combination, SNIPR001, used to reduce E. coli gut 
colonization by targeting E. coli strains that cause 
BSIs among hematology-oncology patients undergo-
ing chemotherapy, similar to current fluoroquino-
lone prophylaxis (46). 

Microbiome-complementary therapies, such as 
FMT, and possible future use of bacteriophages for 
pathogen reduction represent novel interventions 
that promote antimicrobial stewardship along with 
patient well-being. Several ongoing registered clinical 
trials are using these pathogen reduction approach-
es and span various trial phases (Appendix Table, 
https://wwwnc.cdc.gov/EID/article/30/6/23-
1338-App1.pdf).

Pathogen Reduction Moving Forward
Pathogen reduction is an essential area for further de-
velopment. Evidence suggests major benefits for re-
ducing infection risk and improving associated clinical 
outcomes. Expanding the use of pathogen reduction 
approaches will require development of new diagnos-
tic tests that can rapidly detect MDROs and quantify 
MDRO burden at certain anatomic sites. One novel 
approach applies an engineered reporter phage lu-
minescence assay for swift and accurate point-of-care  

urinary tract infection diagnostics, which further 
doubles as rapid phage-patient matching for per-
sonalized therapy (47). New diagnostic testing will 
enable well-designed studies of novel agents that 
assess efficacy in reducing pathogen burden as well 
as clinical outcomes. A 2022 FDA-CDC public work-
shop addressed those issues (https://ftp.cdc.gov/
pub/ARX-COMMUNICATIONS/pdf/CDC_FDA_ 
Meeting). A primary driver of that workshop was the 
recognized need for drug development and registra-
tion pathways, at least for the regulatory framework 
in the United States. 

The approaches to pathogen reduction will in-
volve drugs and biologics (e.g., live microbials, 
probiotics and prebiotics, and bacteriophages) that 
have vastly different regulatory bases and burdens 
of evidence. In some cases, such as with live mi-
crobials marketed as probiotics, avenues exist with 
current regulation and use as dietary supplements 
with allowable generalized health claims. Whether 
those health claims can cover pathogen reduction is 
unclear because the products are also intended for 
use in healthy populations and have different expec-
tations than products used for pathogen reduction 
(48). Risks and challenges associated with treatment 
using live biotherapeutic products include the po-
tential transmission of infectious agents (49), and the 
complex biologic interactions with host microbial 
communities, including the pharmacokinetics and 
pharmacodynamics associated with host effects on 
therapeutic product and vice versa (50). Likewise, 
interplay with microbiome succession and matura-
tion, especially in specialized populations, such as 
infants, should be considered for analyses of risk in 
long-term colonizing products (48). Regardless, us-
ing an underlying mechanistic basis (whether drug 
or biologic), product development could benefit 
from focusing on attributes needed for established 
colonization in or on the human body to avoid the 
emergence of resistance. 

In conclusion, the approaches to pathogen re-
duction will clearly be multifaceted. Nonetheless, 
harnessing and applying our understanding of eco-
logic principles to address the pathogen burden in 
healthcare might promote enduring success in driv-
ing down infections while preserving the lifesaving 
utility of available therapeutic drugs.
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Scedosporium spp. and Lomentospora prolificans are 
non-Aspergillus filamentous fungi causing increas-

ingly recognized invasive fungal disease (IFD) in 
both immunocompromised and immunocompetent 
patients (1,2). Scedosporium spp. comprise S. apiosper-
mum complex species, which includes S. apiospermum 
sensu stricto and S. boydii; L. prolificans was previously 
known as S. prolificans (3). In immunocompetent pa-
tients, localized infections have been described, such 
as mycetomas, osteoarticular infections (4), or central 

nervous system (CNS) infections after near-drown-
ings. In immunocompromised hosts, scedosporiosis 
and lomentosporiosis mainly affect the lungs and 
CNS or are disseminated (5–11). We previously con-
ducted the Scedosporiosis/lomentosporiosis Obser-
vational Study (SOS) and reported non-CNS vascular 
involvement (aorta or peripheral arteries excluding 
CNS arteries) in 24% of disseminated infections (12). 
Although CNS vascular involvement during invasive 
scedosporiosis has been described, a scedosporiosis/
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Scedosporium spp. and Lomentospora prolificans are 
emerging non-Aspergillus filamentous fungi. The Scedo-
sporiosis/lomentosporiosis Observational Study we previ-
ously conducted reported frequent fungal vascular involve-
ment, including aortitis and peripheral arteritis. For this 
article, we reviewed 7 cases of Scedosporium spp. and L. 
prolificans arteritis from the Scedosporiosis/lomentosporio-
sis Observational Study and 13 cases from published litera-
ture. Underlying immunosuppression was reported in 70% 
(14/20) of case-patients, mainly those who had solid organ 
transplants (10/14). Osteoarticular localization of infection 

was observed in 50% (10/20) of cases; infections were fre-
quently (7/10) contiguous with vascular infection sites. Sce-
dosporium spp./Lomentospora prolificans infections were 
diagnosed in 9 of 20 patients ≈3 months after completing 
treatment for nonvascular scedosporiosis/lomentosporio-
sis. Aneurysms were found in 8/11 aortitis and 6/10 periph-
eral arteritis cases. Invasive fungal disease–related deaths 
were high (12/18 [67%]). The vascular tropism of Scedo-
sporium spp. and L. prolificans indicates vascular imaging, 
such as computed tomography angiography, is needed to 
manage infections, especially for osteoarticular locations.
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lomentosporiosis case series of non-CNS vascular in-
fections has not been reported (5–11,13–17). We de-
scribe clinical, imaging, and detailed histopathologic 
characteristics of all patients with non-CNS vascular 
scedosporiosis/lomentosporiosis infections identi-
fied in the SOS and review cases reported in pub-
lished literature. 

Methods

Ethics Approval
The research was approved by the Institut Pasteur 
Internal Review Board (approval no. 2009–34/IRB) 
and by the Commission Nationale de l’Informatique 
et des Libertés in accordance with the laws of France. 
All clinical data were recorded anonymously.

Study Design
The SOS included all retrospective cases of proven 
and probable invasive scedosporiosis/lomento-
sporiosis (IS) characterized at the National Refer-
ence Center for Invasive Mycoses and Antifungals, 
France, during January 2005–March 2017 (12). We 
performed a medical records review of all pa-
tients in the SOS who had non-CNS vascular in-
fections (aortitis or peripheral arteritis) caused by 
Scedosporium spp. or L. prolificans. In addition, we 
performed an electronic literature search for case 
reports in PubMed on October 10, 2021, by us-
ing the following search filter: (Scedospori*[Title/
Abstract] OR Pseudallescheri*[Title/Abstract] 
OR Lomentospori*[Title/Abstract]) AND 
(invasive[Title/Abstract] OR disseminated[Title/
Abstract] OR infection[Title/Abstract]) AND 
(case[Title/Abstract] OR patient[Title/Abstract] 
OR report[Title/Abstract]). We selected all articles 
in English, French, or Spanish that reported proven 
or probable non-CNS vascular infections caused by 
Scedosporium spp., including Pseudallescheria spp., or 
L. prolificans, including S. prolificans and S. inflatum. 
We checked reference lists of selected articles for 
other relevant studies. We only included published 
case reports or case series with detailed documen-
tation of clinical history, diagnostic methods, treat-
ment, and outcomes. Data from 1 SOS case (patient 
5) had been published previously, and we excluded 
this case from the literature review.

For each case, we reported demographic condi-
tions, underlying diseases/conditions, vascular im-
pairment sites, signs and symptoms, other infected 
sites, microbiologic results, antifungal treatments, 
surgical therapy, and clinical outcomes by using a 
standard anonymous case report form. Each SOS case 

was reviewed by 4 investigators (C.V., J.E., F.L., and 
D.B.); each literature review case was reviewed by 2 
investigators (C.V. and D.B.).

Definitions
We defined non-CNS vascular infection as either im-
aging of structural abnormalities of the arterial wall 
suggestive of aortitis/arteritis (18) associated with a 
concomitant IS diagnosis (Appendix, https://ww-
wnc.cdc.gov/EID/article/30/6/23-1409-App1.pdf), 
a positive culture from an intraoperative arterial wall 
sample, or anatomopathologic evidence of arterial 
wall fungal infection with a concomitant IS diagnosis. 
We excluded cases of arterial thrombosis without evi-
dence of parietal impairment. We defined proven and 
probable IS according to the 2019 European Organi-
zation for Research and Treatment of Cancer/Myco-
ses Study Group criteria (19), modified by including 
trauma and near-drowning as risk factors.

We considered 6 main underlying conditions for 
IFD, but only 1 condition was assigned to each pa-
tient as follows: malignancies; solid organ transplan-
tation; systemic inflammatory disease; contamination 
by traumatic penetration, injury, surgery, or near-
drowning (trauma/inoculation); other, for miscella-
neous underlying medical conditions, including neu-
tropenia, chronic renal or respiratory insufficiency, 
chronic respiratory disease, diabetes mellitus, HIV 
infection, or corticosteroids administration; and no 
risk factor in the absence of all previous factors.

We considered infections to be disseminat-
ed when they involved >2 noncontiguous sites 
or were associated with fungemia. We defined 
breakthrough infections as those occurring in pa-
tients who received antifungal therapy for >7 
days within 30 days before IS diagnosis and de-
fined prior colonization as a Scedosporium/Lomen-
tospora culture within a nonsterile clinical sample 
without signs of infection before IS diagnosis. We 
defined follow-up as the period from IS diagno-
sis to last patient contact or death if vascular in-
fection was diagnosed at the time of IS diagnosis 
or within 3 months of diagnosis; otherwise, we 
defined it as the period from vascular infection  
diagnosis to last patient contact or death. We con-
sidered IFD-related death as death supposedly 
caused by IFD. We defined radical surgery as com-
plete resection of the vascular infection site, includ-
ing vascular prothesis removal, whether or not it 
was associated with vascular reconstruction. For 
analyses, we described quantitative variables as 
medians with interquartile ranges and categorical 
variables as numbers and percentages.



Results

SOS Case-Patients
Case-patient 1 was a 52-year-old man who had liver 
and kidney transplants because of alcoholic cirrhosis 
and IgA nephropathy. He had dermohypodermitis 
of the left lower limb caused by S. apiospermum and 
was treated with voriconazole for 18 months. De-
spite initial clinical success, S. apiospermum oligoar-
thritis developed 3 months after the patient stopped 
antifungal therapy; infection was documented in 
cultures of left knee joint liquid. He received a com-
bination of voriconazole, caspofungin, and terbi-
nafine and reduction of his immunosuppressive 
regimen. No evidence of endocarditis was found 
on an echocardiogram. Blood culture results were 
negative. Because fever persisted during treatment, 
positron emission tomography (PET)/computed 
tomography (CT) and abdominal/pelvic CT were 
performed, which identified multiple osteoarticu-
lar localizations (ankles, knees, left sacroiliac joint, 
left hip, T8 spondylitis, L5–S1 spondylodiscitis), left 
primitive iliac arteritis (thrombosis with perivascu-
lar and soft tissue contrast) (Figure 1) and abdominal 
bifurcation aortitis (perivascular and soft tissue con-
trast associated with focal hypermetabolism). The 
patient died 2 months later from multiorgan failure 
accompanied by acute left lower limb ischemia and 
possible mesenteric ischemia.

Case-patient 2 was a 31-year-old woman recov-
ering from a severe road accident in muddy water. 
She was hospitalized 2 months after the accident for 
pneumonia and bilateral pulmonary embolisms. She 
was treated empirically with antimicrobial drugs 
and anticoagulation therapy, which was stopped a 
few days later because of massive hemoptysis. She 
experienced persistent fever and epileptic seizures; 
an echocardiogram and CT scan revealed tricuspid 
endocarditis associated with cerebral abscess and 
bilateral aneurysms of pulmonary arteries rapidly 
growing and partially thrombosed (Figure 2, panel 
A). At that time, S. apiospermum was identified from 
blood cultures. She received long-term therapy 
with voriconazole and caspofungin, which was suc-
cessful. However, chronic pulmonary arterial hy-
pertension developed, requiring cardiopulmonary  
transplantation while she was undergoing an-
tifungal treatment for >2 years. She died the day 
of transplantation because of a pulmonary hilum 
twist. Postmortem examination showed highly al-
tered pulmonary arteries with major intimal fibro-
sis and a thrombus containing multiple fungal sep-
tate hyphae (Figure 2, panel B).

Case-patient 3 was a 32-year-old man who had 
macrophage activation syndrome, acute renal failure 
requiring hemodialysis, and multiple necrotic cuta-
neous lesions after acute cocaine intoxication. Febrile 
acute shoulder arthritis and sternal osteochondritis 
developed for which he underwent surgical debride-
ment; S. apiospermum was identified in perioperative 
shoulder samples, and L. prolificans was identified in 
sternum samples. Thoracic-abdominal-pelvic CT and 
PET/CT scans revealed pseudonodular pulmonary 
lesions, abdominal aortitis and primitive iliac arteri-
tis with perivascular contrasts, arterial wall thicken-
ings, and intense vascular hypermetabolism (Figure 
2, panels C, D). He was successfully treated with 
voriconazole, terbinafine, and miltefosine for 3 years, 
along with γ-interferon in the absence of initial im-
provement. Follow-up imaging performed 2.5 years 
after treatment initiation found a clear reduction of 
periaortic inflammatory thickening and vascular hy-
permetabolism. Antifungal treatment was stopped 
after 3 years without any clinical sign of relapse 1 year 
after interruption.

Case-patient 4 was a 51-year-old woman who had 
focal segment glomerulosclerosis requiring a kidney 
transplant, which was complicated by acute graft re-
jection. Closing surgery of her arteriovenous femoral 
fistula was complicated by a Pseudomonas aeruginosa 
infection at the surgical site, which was treated by a 
femoral bypass graft and antimicrobial drugs. Post-
operatively, a femoral graft thrombosis and perivas-
cular collection developed and was treated by graft 
removal, and a 3-month voriconazole course was 
begun because of positive results for S. apiospermum 
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Figure 1. Abdominal computed tomography scan for case-patient 
1 showing arteritis in study of unexpected vascular locations 
of Scedosporium spp. and Lomentospora prolificans fungal 
infections, France. Arrow indicates primitive left iliac artery 
thrombosis and perivascular soft tissue contrast. Data are from 
the Scedosporiosis/lomentosporiosis Observational Study (12).



from a superficial swab culture. Eight months later, 
new onset of fever and left limb pain led to discovery 
of 2 mycotic aneurysms in the left common femoral 
artery (Figure 3, panels A, B), multiple left thigh ab-
scesses, and left navicular osteitis. The mycotic aneu-
rysms were surgically removed, and vascular recon-
struction by arterial allograft bypass was performed. 
S. apiospermum was identified in cultured periopera-
tive samples; histologic analysis revealed vascular 
invasion, particularly in the tunica media (Figure 3, 
panels C, D). The patient was successfully treated 
with voriconazole and caspofungin for 18 months; 
PET/CT showed no signs of relapse 1 year after stop-
ping antifungal therapy.

Case-patient 5 was a 44-year-old man who had 
chronic myeloid leukemia and underwent allogene-
ic hematopoietic stem cell transplant. While he was 
hospitalized for chronic graft versus host disease, a 
febrile gingival abscess developed and was treated 
by dental avulsion. Abscess and blood culture sam-
ples tested positive for L. prolificans; voriconazole 
and terbinafine treatments were initiated. Although 

fungemia persisted during treatment, he complained 
about abdominal pain; CT revealed abdominal aorti-
tis spreading to the superior mesenteric and left renal 
arteries manifested by vascular thickenings and peri-
vascular contrast (Figure 4, panels A, B). Within the 
following month, he had intense abdominal pain and 
died, likely from mesenteric ischemia.

Case-patient 6 was a 56-year-old man who had 
diabetes and a lung transplant because of idiopathic 
chronic pulmonary fibrosis. A thoracotomy scar ab-
scess developed rapidly after his transplantation sur-
gery and was treated by surgical abscess drainage. 
S. apiospermum was documented in a perioperative 
specimen; therefore, he was treated with voricon-
azole. Four months later, while still undergoing an-
tifungal treatment, he complained about a nonfebrile 
thoracic pain; CT revealed a rapidly growing ascend-
ing thoracic aortic aneurysm (Figure 5, panels A, B). 
Surgical aneurysm resection and prosthetic aortic re-
placement were performed, and he was treated with 
posaconazole and caspofungin. His perioperative 
tissue samples confirmed vascular fungal invasion  
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Figure 2. Imaging of pulmonary arteritis and abdominal aortitis for case-patients 2 and 3 in study of unexpected vascular locations of 
Scedosporium spp. and Lomentospora prolificans fungal infections, France. A) Thoracic computed tomography scan for case-patient 2. 
Arrows indicate left pulmonary artery and right lobar pulmonary artery mycotic aneurysms. B) Hematoxylin-eosin-saffron stain of lung 
tissue from postmortem analysis of case-patient 2. Triangle indicates bronchial artery wall; star indicates bronchial artery thrombus 
consisting of radially-disposed multiple septate hyphae. Scale bar indicates 250 μm. C, D) Positron emission tomography-computed 
tomography scans of case-patient 3. C) Arrow indicates intense abdominal aorta hypermetabolism. D) Arrow indicates abdominal aorta 
and primitive iliac artery hypermetabolisms. Data are from the Scedosporiosis/lomentosporiosis Observational Study (12).



(Figure 5, panels C, D), and cultures tested positive for 
S. apiospermum. After an initial clinical improvement, 
he died 3 months later; S. apiospermum fungemia had 
developed along with endocarditis complicated by 
massive ischemic stroke and mycotic aneurysm of the 
aortic prosthesis anastomosis (Appendix Figure 1). At 
the time of his death, he also had mycotic intrahepatic 
and splenic aneurysms.

Case-patient 7 was a 43-year-old woman re-
ceiving first-line chemotherapy for acute myeloid 
leukemia. Four days after chemotherapy initiation, 
febrile nodular cutaneous lesions developed that 
persisted despite treatment with wide-spectrum 
antimicrobial drugs and intravenous liposomal 
amphotericin B. A blood culture tested positive for 
L. prolificans, and antifungal therapy was switched 
to voriconazole. She died a few hours later because 
of refractory sepsis and acute cardiac failure. Post-
mortem examination revealed massive multiorgan 
filamentous invasion within blood vessel walls and 
lumens, particularly in the abdominal aorta, and 
within the myocardium.

Cohort of SOS and Published Cases
We classified the 7 non-CNS vascular infection cases 
identified from the SOS as 1 aortitis, 2 peripheral ar-
teritis, and 4 mixed aortitis and peripheral arteritis 
cases. We identified 26 articles from the published lit-

erature search as potential reports of non-CNS vascu-
lar scedosporiosis/lomentosporiosis (Appendix Fig-
ure 2). We excluded 13 reports, 1 about CNS mycotic 
aneurysms (n = 11), 1 about ventricular assist device 
thrombosis (n = 1), and 1 without available full text (n 
= 1). Thirteen case-reports from the literature search, 
including 9 aortitis and 4 peripheral arteritis cases, 
were eligible for analysis (20–32).

All 20 cases were proven IS (Appendix Table). 
Vascular infection was confirmed by either histology 
or vascular sample cultures in 15 cases. For the 5 re-
maining cases, vascular samples were not available. 
For those, diagnoses were made on the basis of ra-
diologic imaging compatible with vascular infection 
and proven IS at another site. All mycologic docu-
mentations were obtained from cultures of normally 
sterile sites.

Host Factors/Underlying Diseases
All but 1 patient had >1 risk factor for IS (Table 1). The 
main underlying condition was solid organ trans-
plant (10/20 [50%]), including lung (n = 5), kidney (n 
= 3), heart (n = 1), liver/kidney (n = 1) transplants, 
followed by hematologic malignancy (3/20 [15%]) 
and solid cancer (1/20 [5%]). IS occurred with a me-
dian delay of 165 (interquartile range 25.8–271.3) days 
after transplantation. Five (25%) cases were associat-
ed with trauma or near-drowning, 3 (15%) cases were 
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Figure 3. Radiologic and 
histopathologic analysis of 
arteritis in case-patient 4 in 
study of unexpected vascular 
locations of Scedosporium 
spp. and Lomentospora 
prolificans fungal infections, 
France. A, B) Pelvic magnetic 
resonance imaging with T1 
gadolinium contrast showing 
femoral arteritis. A) Arrow 
shows aneurysms involving 
the left common femoral 
artery with posterior mural 
thrombus. B) Arrow shows 
left common femoral artery 
bifurcation. C, D) Grocott-
Gomori methenamine silver 
stain of femoral artery section. 
C) Star indicates septate 
fungal hyphae invading the 
iliofemoral artery tunica 
media. Original magnification 
×100. D) Star indicates 
septate fungal hyphae 
invading the iliofemoral 
artery tunica media. Original 
magnification ×400. Data are from the Scedosporiosis/lomentosporiosis Observational Study (12).



breakthrough infections, and 2 (10%) patients had 
prior Scedosporium spp. or L. prolificans colonization.

Mycologic and Clinical Manifestations
S. apiospermum complex species were identified in 12 
(60%) cases, and L. prolificans was identified in 7 (35%) 
cases. Co-infection with S. apiospermum and L. prolificans 
occurred in 1 patient. Fungemia was reported in 8 (44%) 
cases, more frequently among L. prolificans infections 
(4/5 [80%]) than S. apiospermum complex infections  
(4/12 [33%]). Blood samples were not cultured for 2 
patients with L. prolificans infection. Disseminated in-
fections occurred in 15 (75%) cases, among which 13 
had >2 noncontiguous infectious sites.

IS manifested as fever in 9/15 (60%) cases (Table 
2). Patients with aortitis frequently (7/14 [50%]) had 
thoracic or abdominal pain. Vascular impairment 

was not observed at the time of IS diagnosis in 10/20 
(50%) cases. However, impairment was frequently 
diagnosed months or years after completion of an-
tifungal treatment for nonvascular scedosporiosis/ 
lomentosporiosis (9/20 [45%]) but also while pa-
tients were still undergoing antifungal treatment 
(1/20 [5%]). The median delay between completion 
of antifungal treatment and diagnosis was 3 (inter-
quartile range 1–13) months (4 years maximum). 
Moreover, vascular impairment was associated 
with >1 other localization in 18/20 (90%) cases, 
mostly in osteoarticular (10/20 [50%]) and pulmo-
nary (9/20 [45%]) locations; 5/10 (50%) osteoarticu-
lar localizations were spondylodiscitis. Most (7/10 
[70%]) osteoarticular localizations were contiguous 
with the vascular infection site, which included 3 
of 5 spondylodiscitis (2 abdominal and 1 thoracic 
aortitis) and 4 of 5 peripheral osteoarticular local-
izations (1 femoral arteritis and hip arthritis, 1 iliac 
arteritis and sacroiliac arthritis, 1 sternal osteomy-
elitis and thoracic aortitis, and 1 subclavian arteritis 
and sternoclavicular arthritis).

Vascular Impairment Type
Aortitis affected the abdominal aorta (8/13 [62%]) 
more frequently than the thoracic aorta (5/13 [39%]) 
(Table 2). The location of aortitis was not mentioned 
for 1 case. Aortitis was mostly identified by the pres-
ence of an aneurysmal lesion (8/11 [73%]). Indeed, 
aneurysmal lesions were noted for all thoracic aortitis 
and 3 of 6 abdominal aortitis cases. Abdominal aorti-
tis with arterial wall thickening without aneurysms 
were described for SOS case-patients 1, 3, and 5. The 
type of imaging anomalies was unknown for 3 pa-
tients who had postmortem aortitis diagnoses.

Peripheral arteritis localizations were diverse, af-
fecting the iliac or femoral arteries (4/10 [40%]) and 
other arteries, such as hepatic (n = 2), pulmonary (n 
= 1), subclavian (n = 1), renal and mesenteric (n = 1), 
or arteriovenous fistula (n = 1) arteries. Peripheral 
arteritis was mainly revealed by the presence of an-
eurysmal lesions (6/10 [60%]); septic thrombosis was 
described in 3 cases.

PET/CT consistently showed an elective hy-
permetabolism of the vascular wall in 3 aneurysmal 
aortitis, 2 nonaneurysmal aortitis, and 1 peripheral 
mycotic aneurysm cases. All positive PET/CT scans 
were associated with concordant CT or magnetic 
resonance imaging angiography. PET/CT follow-up 
was available for 3 of 6 patients, and a clear regres-
sion of hypermetabolism during IS treatment was  
reported in all 3 cases, including 1 normalization at 
the end of treatment.
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Figure 4. Abdominal computed tomography scans for case-
patient 5 showing aortitis in study of unexpected vascular 
locations of Scedosporium spp. and Lomentospora prolificans 
fungal infections, France. A) Arrow indicates abdominal aorta and 
superior mesenteric artery thickening and perivascular contrast. 
B) Arrow indicates abdominal aorta and left renal artery thickening 
and perivascular contrast. Data are from the Scedosporiosis/
lomentosporiosis Observational Study (12).



Histopathologic Lesions
Histopathologic analyses were available for 11/20 
patients (8 perioperative vascular samples and 3 au-
topsies) and showed an invasion of the arterial wall 
by fungal septate hyphae in 10 of 11 samples. Arterial 
wall necrosis was reported in 6 cases and endolumi-
nal thrombi caused by fungi were reported in 4 cases. 
Only 1 case showed an arterial granuloma lesion, and 
2 cases had arterial wall abscesses. Although rarely 
specified, fungal invasion affected the tunica media 
(n = 3) or tunica adventitia (n = 3).

Treatment and Outcomes
After microbiologic identification, voriconazole was 
the first-line antifungal drug prescribed to all patients 
(Table 3). A combination of 2 antifungal drugs was 
frequently (10/16 [63%]) used, mostly voriconazole 
combined with terbinafine or caspofungin. Four pa-
tients did not receive antifungal treatment because 
the IS diagnosis was made postmortem. Radical sur-
gery was performed in 8 (50%) of 16 patients with an 
antemortem IS diagnosis, which consisted of 3 biolog-
ic vascular reconstructions (2 arterial allografts and 1 
arterial homograft), 3 prosthetic vascular reconstruc-
tions (Dacron grafts in all cases), and 2 cases without 
vascular reconstruction. Signs of infection relapse at 
the vascular sites were reported in the 3 prosthetic 
vascular reconstruction cases (pseudoaneurysm ap-
pearance or prosthetic graft thrombosis).

The IFD-related death rate was 67% (12/18) 
and 100% (7/7) when fungemia was present. Three  
IFD-related deaths were attributed to a direct compli-
cation of the vascular infection (mesenteric ischemia 
complicating abdominal aortitis in all cases), but the 
cause of death was missing for 4 patients. The death 
rate was higher (11/14 [79%]) for patients with aor-
titis (whether or not associated with peripheral ar-
teritis) than isolated peripheral arteritis (1/4 [25%]). 
Patients treated with only antifungal drugs had a 
higher (7/9 [78%]) death rate than those who under-
went radical surgery combined with antifungal drug 
therapy ( 2/6 [33%]).

Discussion
We describe non-CNS vascular infections caused by 
Scedosporium spp. and L. prolificans, highlighting an 
underreported localization of clinical significance 
that affects the management of such infections. Sol-
id organ transplant was the main host risk factor; 
however, several cases occurred in immunocompe-
tent patients, particularly those who had cutaneous 
trauma. Vascular invasion was almost always as-
sociated with other infectious localizations, such as 
contiguous osteoarticular localizations. The main 
radiologic manifestation of infection was a vascular 
aneurysm, which was observed in all thoracic aorti-
tis and most peripheral arteritis cases. Isolated vas-
cular wall thickening was frequently described for 
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Figure 5. Radiologic and 
histopathologic analysis 
of thoracic aortitis in 
case-patient 6 in study of 
unexpected vascular locations 
of Scedosporium spp. and 
Lomentospora prolificans 
fungal infections, France. A) 
Thoracic computed tomography 
scan showing sacciform 
aneurysm of ascending aorta 
(star). B) Thoracic computed 
tomography scan 21 days 
later showing the rapidly 
growing aneurysm (star). C) 
Hematoxylin-eosin-saffron stain 
of thoracic aorta section. Star 
indicates thoracic aorta wall 
dissection. Triangle indicates 
tunica media. Scale bar 
indicates 1 mm. D) Grocott-
Gomori methenamine silver 
stain of thoracic aorta section. 
Star indicates septate fungal 
hyphae invading the thoracic 
aorta tunica media. Triangle indicates thrombus containing septate fungal hyphae. Scale bar indicates 100 μm. Data are from the 
Scedosporiosis/lomentosporiosis Observational Study (12)



abdominal aortitis and contiguous aortic branches, 
constituting overlap between abdominal aortitis 
and iliofemoral arteritis.

The SOS found that 24% of disseminated scedo-
sporiosis/lomentosporiosis cases involved vascular 
infections (5–11,13–17). No non-CNS vascular infec-
tions were reported among 273 IS cases according 
to the Fungiscope registry (5), which gathers rare 
IFD data from countries around the world. Only 2 
cases of mycotic aneurysms were reported among 80 
scedosporiosis/lomentosporiosis cases in transplant 
patients, of which 40 were disseminated (33). One 
possible explanation for this underreporting might 
be that vascular impairment is rarely at the forefront 
of IS diagnostic considerations and might not be sys-
tematically tracked by imaging checkups or might 
be insufficiently reported in disseminated cases. All 
cases from published literature were reported since 
2000, which could be partly explained by recent im-
provements in imaging access. In addition, vascular 
impairment was diagnosed in many (45%) cases af-
ter patients completed antifungal treatment for an-
other IS localization, suggesting that undiagnosed 
vascular infections might lead to relapse because of 
insufficient treatment. We found that 50% of IS cas-
es were associated with osteoarticular localization, 
whereas that localization was usually described in 
only 18%–26% IS and 14%–17% of disseminated  

scedosporiosis/lomentosporiosis cases (5,12,17). 
This finding suggests a potential association be-
tween vascular and osteoarticular localizations, es-
pecially because most of those were contiguous. In 
particular, we highlighted a frequent association of 
peripheral arteritis with aortitis resulting from spon-
dylodiscitis and peripheral osteoarthritis. Finally, 
we reported high death rates, consistent with previ-
ous estimations for overall IS (5,7).

We focused on non-CNS vascular infections be-
cause cerebral mycotic aneurysms caused by Scedospo-
rium spp. have already been specifically addressed for 
near-drowning situations (34). The ability of molds to 
invade vessels is well known; angioinvasion is a key 
pathogenic characteristic of invasive aspergillosis and 
mucormycosis. Several reports have described cere-
bral and pulmonary mycotic aneurysms located con-
tiguously or distant to invasive aspergillosis or mucor-
mycosis (35–39). However, few studies have reported 
thoracic aortitis caused by Aspergillus spp., which are 
frequently associated with endocarditis (40–42).

The strength of this work is that it confirms ar-
terial wall invasion by Scedosporium or Lomentospora 
hyphae; histopathologic analyses were available 
for most cases. Nevertheless, IFD reporting is vol-
untary in France, and the National Reference Cen-
ter might not have gathered data for all IFD cases 
in France during the study period. Moreover, we 

SYNOPSIS

1084 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 6, June 2024 

 
Table 1. General patient characteristics in study of unexpected vascular locations of Scedosporium spp. and Lomentospora prolificans 
fungal infections, France* 
Variables SOS, n = 7 Literature, n = 13 Total, n = 20 
Type of vascular infection 
 Aortitis 5 (71) 9 (69) 14 (70) 
 Peripheral arteritis 6 (86) 4 (31) 10 (50) 
Age, y (IQR) 44.0 (37.1–51.5) 55.0 (44.0–64.0) 52.5 (42.0–57.4) 
Sex 
 M 4 (57) 6 (46) 10 (50) 
 F 3 (43) 7 (54) 10 (50) 
Main underlying disease/condition 
 Malignancy 2 (29) 2 (15) 4 (20) 
  Including hemopathy 2 (29) 1 (8) 3 (15) 
  Including solid neoplasia 0 1 (8) 1 (5) 
 Solid organ transplant 3 (43) 7 (54) 10 (50) 
 Trauma 2 (29) 2 (15) 4 (20) 
 Near drowning 0 1 (8) 1 (5) 
 No risk factor 0 1 (8) 1 (5) 
Neutropenia 1 (14) 1 (8) 2 (10) 
Prior colonization 0 2 (15) 2 (10) 
Breakthrough infections 1 (14) 2 (15) 3 (15) 
Fungus identification 
 S. apiospermum 4 (57) 8 (62) 12 (60) 
 L. prolificans 2 (29) 5 (39) 7 (35) 
 S. apiospermum and L. prolificans 1 (14) 0 1 (5) 
Disseminated infection 7 (100) 8 (62) 15 (75) 
Fungemia† 4/7 (57) 4/11 (36) 8/18 (44) 
*Values are no. (%) except as indicated. Patients had non–central nervous system vascular infections caused by Scedosporium spp. or Lomentospora 
prolificans; cases were obtained from the SOS and from published literature. IQR, interquartile range; SOS, Scedosporiosis/lomentosporiosis 
Observational Study. 
†Blood culture data were not available from published literature for 2 patients. Denominators indicate the total number of patients evaluated. 

 



could not provide microbiologic identification at the 
species level for S. apiospermum complex species be-
cause genotypic analysis was conducted in only 4 of 
13 cases reported in published literature, and sev-
eral diagnoses were made before the last taxonomy 

classification update. We could not analyze the me-
dian duration of antifungal therapy because all but 3 
patients were still undergoing treatment at last con-
tact. Also, anticoagulant and antiplatelet drug man-
agement could not be assessed because of missing 
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Table 2. Clinical and radiologic characteristics of patients in study of unexpected vascular locations of Scedosporium spp. and 
Lomentospora prolificans fungal infections, France* 
Variables SOS, n = 7 Literature, n = 13 Total, n = 20 
Clinical manifestations at diagnosis 
 Fever 6/7 (86) 3/8 (38) 9/15 (60) 
 Sepsis 1/7 (14) 2/13 (15) 3/20 (15) 
 Thoracic or abdominal pain among aortitis 2/5 (40) 5/9 (56) 7/14 (50) 
 Local inflammatory sign among peripheral arteritis 0 2/4 (50) 2/10 (20) 
Vascular involvement at scedosporiosis/lomentosporiosis diagnosis 5/7 (71) 5/13 (39) 10/20 (50) 
Other infection locations 
 Pulmonary 4/7 (57) 5/13 (39) 9/20 (45) 
 Central nervous system 2/7 (29) 3/13 (23) 5/20 (25) 
 Cutaneous 2/7 (29) 2/13 (15) 4/20 (20) 
 Osteoarticular 3/7 (43) 7/13 (54) 10/20 (50) 
  Including spondylodiscitis 1/3 (33) 4/7 (57) 5/10 (50) 
  Including contiguous localizations 1/3 (33) 6/7 (86) 7/10 (70) 
 Endocarditis 2/7 (29) 2/13 (15) 4/20 (20) 
Localization of vascular infection 
 Aortitis 5/7 (71) 9/13 (69) 14/20 (70) 
  Including thoracic aortitis 1/5 (20) 4/8 (50) 5/13 (39) 
  Including abdominal aortitis 4/5 (80) 4/8 (50) 8/13 (62) 
 Peripheral arteritis 6/7 (86) 4/13 (31) 10/20 (50) 
  Including iliac or femoral arteritis 3/6 (50) 1/4 (25) 4/10 (40) 
Type of aortitis vascular impairment    
 Aneurysm 1/4 (25) 7/7 (100) 8/11 (73) 
  With rupture 1/1 (100) 2/7 (29) 3/8 (38) 
 Perivascular abscess 1/4 (25) 0 1/11 (9) 
 Isolated vascular thickening 2/4 (50) 0 2/11 (18) 
Type of peripheral arteritis vascular impairment 
 Aneurysm 3/6 (50) 3/4 (75) 6/10 (60) 
  With rupture 0 1/3 (33) 1/6 (17) 
 Perivascular abscess 1/6 (17) 0 1/10 (10) 
 Septic thrombosis 2/6 (33) 1/4 (25) 3/10 (30) 
 Isolated vascular thickening 1/6 (17) 0 1/10 (10) 
Vascular hypermetabolism on PET/CT 3/3 (100) 3/3 (100) 6/6 (100) 
*Values are no./total no. analyzed (%). Denominators are different in some cases because of missing data. Patients had non–central nervous system 
vascular infections caused by Scedosporium spp. or Lomentospora prolificans; cases were obtained from the SOS and published literature. PET/CT, 
positron emission tomography/computed tomography; SOS, Scedosporiosis/lomentosporiosis Observational Study. 

 

 
Table 3. Patient treatment and outcomes in study of unexpected vascular locations of Scedosporium spp. and Lomentospora 
prolificans fungal infections, France* 
Variables SOS, n = 7 Literature, n = 13 Total, n = 20 
Radical surgery 2/7 (29) 6/13 (46) 8/20 (40) 
First-line antifungal treatment after microbiologic identification    
 Monotherapy 1/7 (14) 3/9 (33) 4/16 (25) 
 Combination therapy 5/7 (71) 5/9 (56) 10/16 (63) 
 Multitherapy, >3 antifungal agents 1/7 (14) 1/9 (11) 2/16 (13) 
 Voriconazole 7/7 (100) 9/9 (100) 16/16 (100) 
 Terbinafine 2/7 (29) 6/9 (67) 8/16 (50) 
 Caspofungin 5/7 (71) 1/9 (11) 6/16 (38) 
Overall IFD-related deaths 5/7 (71) 7/11 (64) 12/18 (67) 
 Among patients with fungemia 4/4 (100) 3/3 (100) 7/7 (100) 
 Among patients with aortitis whether or not associated with arteritis 4/5 (80) 7/9 (78) 11/14 (79) 
 Among patients with arteritis only 1/2 (50) 0/2 (0) 1/4 (25) 
 Among patients treated with radical surgery and antifungal 1/2 (50) 1/4 (25) 2/6 (33) 
 Among patients treated with antifungal only 4/5 (80) 3/4 (75) 7/9 (78) 
1-month IFD-related deaths 2/7 (29) 5/11 (46) 7/18 (39) 
*Values are no./total no. analyzed (%). Denominators are different in some cases because of missing data. Patients had non–central nervous system 
vascular infections caused by Scedosporium spp. or Lomentospora prolificans; cases were obtained from the SOS and published literature. IFD, invasive 
fungal disease; SOS, Scedosporiosis/lomentosporiosis Observational Study. 

 



data. We were unable to evaluate the effects of vascu-
lar impairment on scedosporiosis/lomentosporiosis 
prognosis because assessing the exact circumstances 
of death was difficult in many cases; however, >3 
of the 12 IFD-related deaths seemed to be related to 
a vascular complication. Finally, we observed that 
patients who underwent radical surgery seemed to 
have better prognoses. However, the retrospective 
study design, small number of cases, and patient 
population heterogeneity do not permit assessment 
of the best curative treatment, leading us to interpret 
the results for radical surgery with caution.

In conclusion, arterial wall infection is observed 
in 24% of patients with disseminated Scedosporium/
Lomentospora infections and is mainly responsible 
for arterial aneurysms either by contiguous contam-
ination or systemic dissemination. Our case series 
and literature review suggest that Scedosporium spp. 
and L. prolificans arterial infections might be latent 
for months after IS diagnosis and treatment, and ad 
hoc vascular imaging is justified in cases of osteo-
articular localization or dissemination. Systematic 
screening for vascular involvement of Scedosporium/
Lomentospora infections, including aortitis and pe-
ripheral arteritis, is needed to improve therapeutic 
strategies and prognosis.
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Human parainfluenza virus (HPIV) is a major 
cause of acute respiratory tract infections, such 

as croup in children and pneumonia in immunocom-
promised patients (1). HPIV is a single-stranded, en-
veloped RNA virus in the Paramyxoviridae family (2) 

and is classified into 4 major serotypes, HPIV-1–4, ac-
cording to complement fixation and hemagglutinat-
ing antigens (3). HPIV-1 and HPIV-3 belong to the ge-
nus Respirovirus, whereas HPIV-2 and HPIV-4 belong 
to the genus Rubulavirus. HPIV-3 is the most common 
serotype associated with pneumonia and bronchiol-
itis, and HPIV-1 and HPIV-2 are usually associated 
with croup in children (2).

HPIV infections are generally mild and self-limit-
ing in adults (4); however, HPIV-associated pneumo-
nia has been increasingly reported (5). HPIV accounts 
for 2.0%–7.6% of pathogens causing community-
acquired pneumonia (CAP) (6–8) and 3.4%–6.1% of 
pathogens causing hospital-acquired pneumonia 
(HAP) (9,10). Data on the epidemiologic and clinical 
characteristics of severe HPIV-associated pneumonia 
in adults are limited. Although a retrospective study 
described the clinical characteristics of hospitalized 
adults with HPIV infections, the primary analysis did 
not focus on patients requiring admission into the in-
tensive care unit (ICU) (1). We investigated the epi-
demiologic and clinical characteristics and outcomes 
of a large cohort of critically ill adults in South Korea 
who had severe HPIV-associated pneumonia requir-
ing ICU care during a 10-year period.

Methods

Ethics
This study was approved by the Institutional Review 
Board of Asan Medical Center, Seoul, South Korea (ap-
proval no. 2010–0079). Informed consent was waived 
because of the observational nature of the study.

Severe Human Parainfluenza  
Virus Community- and Healthcare-
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at Tertiary Hospital, Seoul,  
South Korea, 2010–2019
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The characteristics of severe human parainfluenza vi-
rus (HPIV)–associated pneumonia in adults have not 
been well evaluated. We investigated epidemiologic and 
clinical characteristics of 143 patients with severe HPIV-
associated pneumonia during 2010–2019. HPIV was the 
most common cause (25.2%) of severe virus-associated 
hospital-acquired pneumonia and the third most com-
mon cause (15.7%) of severe virus-associated com-
munity-acquired pneumonia. Hematologic malignancy 
(35.0%), diabetes mellitus (23.8%), and structural lung 
disease (21.0%) were common underlying conditions. 
Co-infections occurred in 54.5% of patients admitted 
to an intensive care unit. The 90-day mortality rate for 
HPIV-associated pneumonia was comparable to that for 
severe influenza virus–associated pneumonia (55.2% 
vs. 48.4%; p = 0.22). Ribavirin treatment was not as-
sociated with lower mortality rates. Fungal co-infections 
were associated with 82.4% of deaths. Clinicians should 
consider the possibility of pathogenic co-infections in 
patients with HPIV-associated pneumonia. Contact pre-
cautions and environmental cleaning are crucial to pre-
vent HPIV transmission in hospital settings.
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Study Design
The study was performed as a part of a prospective, 
observational cohort study of patients with severe 
virus-associated pneumonia housed within the 28-
bed ICU at Asan Medical Center, a 2,700-bed hospital 
in Seoul (6,9,11). All 3,099 adult patients included in 
the study were >16 years of age and admitted to the 
ICU with severe pneumonia during January 2010–
December 2019; they were prospectively enrolled in 
the study cohort and monitored until discharge or 
death. We analyzed clinical data from the patients’ 
electronic medical records, including demographic 
characteristics, underlying diseases or conditions, 
clinical manifestations, co-infecting pathogens, and 
outcomes. To describe clinical outcomes, we com-
pared HPIV-associated pneumonia outcomes with 
those of severe influenza virus–associated pneumo-
nia. We evaluated outcomes according to the length 
of hospital stay, duration within the ICU, compli-
cations from ventilator-associated pneumonia, and 
number of deaths.

We performed microbiologic evaluations as 
previously described (6). We identified respiratory 
viruses from nasopharyngeal swab samples, naso-
pharyngeal aspirates, bronchial washings, and bron-
choalveolar lavage (BAL) fluids by using multiplex 
reverse transcription PCR (RT-PCR); we used the 
Anyplex II RV16 Detection Kit during 2010–2017, and 
the Allplex Respiratory Panel during 2018–2019 (both 
Seegene Inc., https://www.seegene.com). We tested 
samples for influenza virus A and B, respiratory syn-
cytial virus A and B, adenovirus, human metapneu-
movirus, HPIV serotypes 1–4, enterovirus, rhinovi-
rus, and human coronaviruses 229E/NL63, OC43, 
and HKU1.

Definitions
We defined pneumonia as a case that had new pulmo-
nary infiltrations observed on a chest radiograph and 
>2 of the following symptoms: fever, cough, produc-
tive sputum, dyspnea, or prescription of antimicro-
bial drugs for pneumonia by the attending physician. 
We defined severe pneumonia as a case requiring in-
vasive mechanical ventilation because of respiratory 
failure or septic shock requiring vasopressors (12). 
We defined HAP as a case occurring >48 hours after 
hospital admission (13) and HPIV-associated HAP 
as a case for which a respiratory virus RT-PCR was 
performed >48 hours after hospital admission and 
positive HPIV results were obtained. We defined the 
remaining cases as CAP. We designated immuno-
compromised patients as those who had undergone 
solid organ transplants, bone marrow transplants, 

or cytotoxic chemotherapy within 6 months or those 
who had received immunosuppressants, including 
corticosteroids, within 1 month before admission to 
the ICU. We also defined co-pathogens as pathogenic 
organisms identified within 3 working days of a se-
vere HPIV-associated pneumonia diagnosis.

Statistical Analyses
We compared categorical variables by using the 
χ2 or Fisher exact test and continuous variables by 
using the Student t-test or Mann-Whitney U test, 
as appropriate. We expressed continuous data as 
median values and interquartile ranges. We in-
vestigated risk factors for 90-day mortality by us-
ing univariate and multivariate logistic regression 
models. We based the final multivariate model on 
the univariate analysis and clinical relevance of 
potential risk factors. We included variables with 
a p value of <0.20 in the final multivariate model. 
All significance tests were 2-tailed, and we consid-
ered p<0.05 statistically significant. We performed 
all analyses by using SPSS Statistics 23 (IBM,  
https://www.ibm.com).

Results

Epidemiology of Severe HPIV-Associated Pneumonia
A total of 2,479 patients with severe pneumonia un-
derwent multiplex RT-PCR testing of their respira-
tory samples to detect virus infections; pathogenic vi-
ruses were identified in 760 patients. Influenza virus 
was the most common pathogenic virus identified in 
patients with severe pneumonia; influenza virus was 
found in 189 (7.6%) patients, followed by rhinovirus 
in 181 (7.3%) and HPIV in 143 (5.8%) patients. The co-
infection rates were 48.7% for influenza virus, 56.9% 
for rhinovirus, and 54.5% for HPIV among patients 
with severe virus-associated pneumonia. For severe 
virus-associated CAP, HPIV was the third most com-
mon virus (15.7%), after influenza virus (26.1%) and 
rhinovirus (25.7%). In contrast, for severe virus-as-
sociated HAP, HPIV was the most common virus at 
25.2% (Figure 1). 

Among the 143 patients with severe HPIV-as-
sociated pneumonia, 42 underwent bronchoscopic 
BAL for etiologic diagnosis. Of those patients, 35 had 
positive HPIV RT-PCR results from BAL samples, 
whereas 24 showed positive results from both BAL 
and nasopharyngeal swab samples. Among the 143 
patients, HPIV-3 was the most common serotype 
(65.7%), followed by HPIV-1 (16.1%), HPIV-4 (14.7%), 
and HPIV-2 (3.5%). The prevalence of HPIV-1, HPIV-
2, and HPIV-4 was higher in the CAP group than in 
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the HAP group. HPIV-3 was the dominant serotype 
during all seasons except winter (December–Febru-
ary); HPIV-1 was the dominant serotype during win-
ter (Figure 2).

Demographics and Clinical Characteristics
We analyzed demographic and clinical characteris-
tics of the 143 patients with severe HPIV-associated 
pneumonia (Table 1). The median age of those pa-
tients was 61.6 years; 97.2% had underlying illnesses 
or conditions. CAP was observed in 80 (55.9%) and 

HAP in 63 (44.1%) patients. Among the 63 HAP pa-
tients, the median hospital stay until HAP diagnosis 
was 22.0 (interquartile range 13.0–40.0) days. Patients 
with CAP were older than patients with HAP (me-
dian 66.0 vs. 55.9 years; p<0.001). 

Hematologic malignancy (35.0%), diabetes melli-
tus (23.8%), and structural lung disease (21.0%) were 
the most common underlying illnesses in the total 
study population. Chronic obstructive pulmonary dis-
ease was more common in the CAP group than in the 
HAP group (16.3% vs. 1.6%; p = 0.003); hematologic  

1090 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 6, June 2024 

Figure 1. Prevalence of respiratory viruses in study of severe human parainfluenza virus community- and healthcare-acquired 
pneumonia in adults at a tertiary hospital in Seoul, South Korea, 2010–2019. Number of cases of different respiratory virus infections 
are given for 760 patients with severe pneumonia admitted to the intensive care unit at Asan Medical Center. A) Total number of patients 
with indicated virus infections. B) Number of patients with community-acquired virus infections. C) Number of patients with hospital-
acquired virus infections.

Figure 2. Seasonality of severe HPIV community- and healthcare-acquired pneumonia in adults at a tertiary hospital in Seoul, South 
Korea, 2010–2019. Colors indicate total number of infection cases caused by 4 parainfluenza virus serotypes during a 10-year period. 
A) Monthly distribution of severe HPIV-associated pneumonia. B) Seasonal distribution of severe HPIV-associated pneumonia. HPIV, 
human parainfluenza virus.
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malignancies were more common in the HAP group 
(18.8% vs. 55.6%; p<0.001). Also, immunocompro-
mised conditions were more common in the HAP 
group (50.0% vs. 76.2%; p = 0.001). The initial sequen-
tial organ failure assessment scores were lower in 
the CAP group than in the HAP group (9.2 vs. 10.8; 
p = 0.01). Septic shock was observed in 53.8% of pa-
tients with CAP and 50.8% of patients with HAP. Oral 
ribavirin (38.8% vs. 57.1%; p = 0.03) or intravenous 
immunoglobulin (IVIG) (18.8% vs. 33.3%, p = 0.046) 
were prescribed less frequently to patients in the CAP 
group than in the HAP group.

Co-Infection
At the time of ICU admission, 78 (54.5%) of the 143 
patients with severe HPIV-associated pneumonia 
were co-infected with other pathogens; 48 (33.6%) pa-
tients were co-infected with bacteria, 21 (14.7%) with 
viruses, and 17 (11.9%) with fungi (Table 2). Among 
bacterial pathogens, Pseudomonas aeruginosa (9/48) 
was the most common, followed by Staphylococcus au-
reus (8/48), Klebsiella pneumoniae (8/48), and Acineto-
bacter baumannii (8/48). Rhinovirus (6/21) and respi-
ratory syncytial virus (5/21) were the most common 
co-infecting pathogenic viruses. The rates of bacterial 
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Table 1. Patient characteristics in study of severe HPIV community- and healthcare-acquired pneumonia in adults at a tertiary hospital 
in Seoul, South Korea, 2010–2019* 
Characteristics All HPIV infections Community-acquired HPIV Hospital-acquired HPIV p value 
No. patients 143 80 63  
Sex 0.27 
 M 89 (62.2) 53 (66.3) 36 (57.1)  
 F 54 (37.8) 27 (33.7) 27 (42.9)  
Mean age, y (+SD) 61.6 (+14.0) 66.0 (+11.6) 55.9 (+14.9) <0.001 
HPIV serotype† 0.25 
 HPIV-3 94 (65.7) 41 (51.2) 53 (84.1)  
 HPIV-1 23 (16.1) 18 (22.5) 5 (7.9)  
 HPIV-4 21 (14.7) 16 (20.0) 5 (7.9)  
 HPIV-2 5 (3.5) 5 (6.3) 0 (0)  
Underlying disease/condition 139 (97.2) NA NA NA 
 Structural lung disease 30 (21.0) 23 (28.7) 7 (11.1) 0.01 
  Chronic obstructive lung disease 14 (9.8) 13 (16.3) 1 (1.6) 0.003 
  Interstitial lung disease 8 (5.6) 6 (7.5) 2 (3.2) 0.47 
  Bronchiectasis 7 (4.9) 5 (6.3) 2 (3.2) 0.47 
 Tuberculosis-destroyed lung 1 (0.7) 0 (0) 1 (1.6) 0.44 
 Hematologic malignancy 50 (35.0) 15 (18.8) 35 (55.6) <0.001 
 Diabetes mellitus 34 (23.8) 22 (27.5) 12 (19.0) 0.24 
 Solid cancer 22 (15.4) 18 (22.5) 4 (6.3) 0.008 
 End-stage renal disease 7 (4.9) 6 (7.5) 1 (1.6) 0.10 
 Chronic renal failure, no hemodialysis 6 (4.2) 3 (3.8) 3 (4.8) >0.99 
 Liver cirrhosis 4 (2.8) 2 (2.5) 2 (3.2) >0.99 
 Congestive heart failure 4 (2.8) 2 (2.5) 2 (3.2) >0.99 
 Cerebrovascular attack 6 (4.2) 4 (5.0) 2 (3.2) 0.69 
 Solid organ transplant‡ 6 (4.2) 4 (5.0) 2 (3.2) 0.69 
 Hematopoietic stem cell transplant 14 (9.8) 6 (7.5) 8 (12.7) 0.30 
 Immunocompromised status§ 88 (61.5) 40 (50.0) 48 (76.2) 0.001 
 Receipt of immunosuppressant 42 (29.4) 15 (18.8) 27 (42.9) 0.002 
 Recent chemotherapy 56 (39.2) 22 (27.5) 34 (54.0) 0.001 
 Active smoker 11 (7.7) 9 (11.3) 2 (3.2) 0.07 
 Surgery within 1 mo of ICU admission 11 (7.7) 3 (3.8) 8 (12.7) 0.046 
 Neutropenia¶ 39 (27.3) 14 (17.5) 25 (39.7) 0.003 
Clinical manifestations 
 Mean APACHE II score (+SD) 25.4 (+7.0) 24.6 (+7.3) 26.4 (+6.5) 0.13 
 Mean SOFA score (+SD) 9.9 (+4.0) 9.15 (+4.1) 10.8 (+ 3.7) 0.01 
 Septic shock at admission 75 (52.4) 43 (53.8) 32 (50.8) 0.73 
 Mechanical ventilation 138 (96.5) 75 (93.8) 63 (100.0) 0.07 
Treatment 
 Oral ribavirin# 67 (46.9) 31 (38.8) 36 (57.1) 0.03 
 IVIG 36 (25.2) 15 (18.8) 21 (33.3) 0.046 
*Values are no. (%) except as indicated. APACHE II, acute physiology and chronic health evaluation II; HPIV, human parainfluenza virus; IQR, 
interquartile range; IVIG, intravenous immunoglobulin; NA, not applicable; SOFA, sequential organ failure assessment. 
†Serotypes are listed according to prevalence. 
‡Patients with lung (n = 1) or kidney (n = 5) transplants. 
§Defined as either daily receipt of immunosuppressants (including corticosteroids), human immunodeficiency virus infection, solid organ or hematopoietic 
stem cell transplant recipients, receipt of chemotherapy for underlying malignancy during the previous 6 months, or underlying immune deficiency 
disorder. 
¶Absolute neutrophil count of <500/mm3. 
#Use of oral ribavirin for >2 days. 

 



SYNOPSIS

(40.0% vs. 25.4%; p = 0.07) and viral (15.9% vs. 14.3%; 
p = 0.90) co-infections were not different between 
the CAP and HAP groups. However, fungal co-in-
fections, mainly Aspergillus spp., were less common 
in the CAP group than in the HAP group (5.0% vs. 
20.6%; p = 0.004). Aspergillus spp. co-infections were 
found in 13 of 15 patients who had immunocompro-
mised conditions (7 patients had hematologic malig-
nancy, 3 had hematopoietic stem cell transplants, 2 
were taking immunosuppressant medications, and 1 
had a solid cancer).

Outcomes and Risk Factors for 90-Day Mortality Rate
The overall 90-day mortality rate was 55.2% for 
HPIV-associated pneumonia, which was comparable 
to 48.4% for severe influenza virus–associated pneu-
monia (p = 0.22) within the same cohort (Table 3). 
Ventilator-associated pneumonia occurred in 10.5% 
(15/143) of the study population (Table 3). The mor-
tality rate after oral ribavirin or IVIG treatment was 

not lower than that for untreated patients (56.7% vs. 
53.9%; p = 0.74). Furthermore, mortality rates after 
oral ribavirin or IVIG treatment were not lower than 
those for untreated patients in the immunocompro-
mised (65.6% vs. 62.5%; p = 0.77) or nonimmunocom-
promised (43.6% vs. 37.5%; p = 0.69) patient groups. 
Patients with a fungal co-infection had a significantly 
higher 90-day mortality rate than those with no fun-
gal co-infection (82.4% vs. 51.6%; p = 0.02). In multi-
variate analysis of risk factors, the adjusted odds ra-
tios (aORs) were 2.21 (95% CI 1.00–4.86) for HAP, 1.29 
(95% CI 1.15–1.44) for the initial SOFA score, and 4.64 
(95% CI 1.05–20.63) for fungal co-infection, which was 
significantly associated with 90-day mortality rate (p 
= 0.04) (Table 4). 

Discussion
We investigated the epidemiologic and clinical char-
acteristics of severe HPIV-associated pneumonia in 
adults. HPIV was the leading cause of severe virus-
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Table 2. Co-infections of patients in study of severe human parainfluenza virus community- and healthcare-acquired pneumonia in 
adults at a tertiary hospital in Seoul, South Korea, 2010–2019* 
Co-pathogens† Total, n = 143 Community acquired, n = 80 Hospital acquired, n = 63 p value 
Any 78 (54.5) 44 (55.0) 34 (54.0) 0.90 
Bacteria 48 (33.6) 32 (40.0) 16 (25.4) 0.07 
 Gram positive 
  Staphylococcus aureus 8 4 4 0.73 
  Streptococcus pneumoniae 7 6 1 0.13 
  Streptococcus pyogenes 0 0 0 NA 
  Streptococcus agalactiae 0 0 0 NA 
  Corynebacterium striatum 1 0 1 0.44 
 Gram negative 
  Haemophilus influenzae 1 1 0 >0.99 
  Moraxella catarrhalis 0 0 0 NA 
  Legionella sp. 1 1 0 >0.99 
 Enteric gram-negative bacilli 
  Klebsiella pneumoniae 8 7 1 0.08 
  Escherichia coli 2 2 0 0.50 
  Enterobacter cloacae 2 2 0 0.50 
  Serratia marcescens 1 1 0 >0.99 
  Enterobacter aerogenes 1 1 0 >0.99 
 Nonfermenting gram-negative bacilli 
  Pseudomonas aeruginosa 9 5 4 0.98 
  Acinetobacter baumannii 8 3 5 0.30 
  Stenotrophomonas maltophilia 1 0 1 0.44 
Viruses 21 (14.7) 12 (15.0) 9 (14.3) 0.90 
 Rhinovirus 6 5 1 0.23 
 Respiratory syncytial virus 5 2 3 0.65 
 Adenovirus 3 2 1 >0.99 
 Human coronavirus 2 2 0 0.50 
 Human metapneumovirus 2 0 2 0.19 
 Bocavirus 2 0 2 0.19 
 Influenza virus 1 1 0 >0.99 
Fungi 17 (11.9) 4 (5.0) 13 (20.6) 0.004 
 Aspergillus species 15 3 12 0.003 
 Pneumocystis jirovecii 2 1 1 >0.99 
Nontuberculous mycobacteria 1 (0.7) 0 1 (1.6) 0.44 
*Values are no. (%) except as indicated. NA, not applicable. 
†Includes pathogens identified from bronchoalveolar lavage fluid or other specimens, such as nasopharyngeal, sputum, endotracheal aspirate, and blood 
culture samples during admission to the intensive care unit. Categories of co-infection were not mutually exclusive. Some cases were associated with >2 
categories of pathogens. 
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associated HAP and the third most common cause of 
severe virus-associated CAP. Most of the study popu-
lation comprised elderly patients with underlying 
illnesses, and ≈50% of patients had co-infections at 
the time of ICU admission. The 90-day mortality rate 
for patients with severe HPIV-associated pneumonia 
was comparable to that of the patients with severe 
influenza virus-associated pneumonia. Fungal co-in-
fection was strongly correlated with increased death.

HPIV was identified as the leading viral pathogen 
responsible for severe virus-associated HAP, despite 
ranking third after influenza and rhinovirus as the 
most prevalent causes of virus-associated CAP. Those 
findings might signify a higher risk for HPIV exposure 
and nosocomial transmission in the hospital environ-
ment, especially when compared with influenza and 
rhinovirus. HPIV generally induces asymptomatic or 
mild upper respiratory infections in healthy adults 
(3,14,15), which could result in a delayed or missed 
diagnosis of HPIV infection in healthcare workers, 
patient guardians, and patients. Consequently, those 
asymptomatic carriers might transmit the virus to 
other patients in the hospital (16). Furthermore, HPIV 
has been shown to survive on experimentally con-
taminated nonporous surfaces for <10 hours (17,18), 
suggesting fomites and contaminated environments 
could act as vehicles for HPIV transmission (18–20). 
We have previously reported on environmental con-
tamination during an outbreak of HPIV-3 in a he-

matology ward; ≈80% of swab samples from an in-
dex patient’s environment were positive for HPIV-3 
RNA, despite the environment being swabbed 5 days 
after a negative PCR conversion of patient respiratory 
samples (16). This finding suggests that HPIV-3 could 
potentially spread in hospitals through fomite trans-
mission. In contrast to influenza virus, no effective 
therapeutic agents or vaccines exist for HPIV.

We found that >50% of patients with severe 
HPIV-associated pneumonia had co-infections with 
pathogenic organisms; bacterial co-infections were 
more common than viral and fungal co-infections. 
The high rate of co-infection could be linked to the 
inclusion of a substantial number of HAP cases in the 
study. Influenza virus–associated pneumonia is often 
complicated by subsequent pneumonia from S. aureus 
or S. pneumoniae (21). In contrast, patients with severe 
HPIV-associated pneumonia are frequently co-infect-
ed with gram-negative bacilli, such as P. aeruginosa 
or K. pneumoniae. Fungi, especially Aspergillus spp., 
were also major co-pathogens and were significant-
ly associated with a high 90-day mortality rate. In-
creasing evidence indicates that patients with severe 
influenza-associated pneumonia (7%–19%) (22,23) 
and COVID-19 (5%–30%) are at risk for invasive pul-
monary aspergillosis (24). However, data on patients 
with HPIV-associated pneumonia remains scarce. 
Only a few studies have shown that invasive pulmo-
nary aspergillosis might also occur in patients with  
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Table 3. Patient outcomes in study of severe HPIV community- and healthcare-acquired pneumonia in adults at a tertiary hospital in 
Seoul, South Korea, 2010–2019* 

Patient outcomes 
HPIV infections 

 
Influenza virus infections 

p value† Total, n = 143 CAP, n = 80 HAP, n = 63 Total, n = 189 CAP, n = 133 HAP, n = 56 
Mortality rates         
 7 d 20 (14.0) 8 (10.0) 12 (19.0)  16/185 (8.6) 11/132 (8.3) 5/53 (9.4) 0.13 
 30 d  57 (39.9) 22 (27.5) 35 (55.6)  61/185 (33.0) 41/132 (31.1) 20/53 (37.7) 0.21 
 60 d 73 (51.0) 30 (37.5) 43 (68.3)  81/185 (43.8) 50/132 (37.9) 31/53 (58.5) 0.21 
 90 d 79 (55.2) 34 (42.5) 45 (71.4)  89/185 (48.1) 53/132 (40.2) 36/53 (67.9) 0.22 
 In-hospital  73 (51.0) 29 (36.3) 44 (69.8)  78/185 (42.2) 46/132 (34.8) 32/53 (60.4) 0.10 
Mean ICU stay, d (+SD) 17.1 (+19.4) 17.4 (+23.0) 16.7 (+13.7)  17.6 (+17.3) NA NA 0.82 
Mean hospital stay, d (+SD) ‡ 50.1 (+47.4) 39.5 (+40.5) 63.6 (+52.2)  53.1 (+71.4) NA NA 0.66 
Ventilator-associated 
pneumonia 

15 (10.5) 4 (5.0) 11 (17.5)  25 (13.3) 15 (11.3) 10 (17.9) 0.44 

*Values are no. (%) except as indicated. Denominators are different in some cases because of missing data. CAP, community-acquired pneumonia; HAP, 
hospital-acquired pneumonia; HPIV, human parainfluenza virus; ICU, intensive care unit; IQR, interquartile range; NA, not applicable. 
†p values were calculated by comparing total numbers of severe HPIV-associated pneumonia and severe influenza virus-associated pneumonia. 
‡Defined as the period from hospital admission to discharge from the hospital or death. 

 

 
Table 4. Univariate and multivariate analyses of risk factors for severe human parainfluenza virus community- and healthcare-acquired 
pneumonia in adults at a tertiary hospital in Seoul, South Korea, 2010–2019* 

Variable 
Univariate analysis 

 
Multivariate analysis 

Unadjusted odds ratio (95% CI) p value Adjusted odds ratio (95% CI) p value 
Hospital-acquired HPIV 3.38 (1.67–6.84) 0.001  2.21 (1.00–4.86) 0.049 
SOFA score 1.29 (1.16–1.43) <0.001  1.29 (1.15–1.44) <0.001 
Hematologic malignancy 3.46 (1.63–7.33) 0.001  1.35 (0.53–3.40) 0.53 
Fungal co-infection 4.38 (1.20–15.99) 0.03  4.64 (1.05–20.63) 0.04 
*Analyses of risk factors associated with 90-day mortality rates for patients with severe HPIV pneumonia. HPIV, human parainfluenza virus; SOFA, 
sequential organ failure assessment. 
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noninfluenza respiratory virus–associated pneumo-
nia, such as respiratory syncytial virus or HPIV, par-
ticularly among immunocompromised hosts (25,26). 
Because most patients with Aspergillus spp. co-infec-
tions had immunocompromising conditions in this 
study, this co-infection can be attributed to host fac-
tors rather than an inherent characteristic of HPIV. If 
the clinical course of a patient with severe HPIV-asso-
ciated pneumonia continues to deteriorate, clinicians 
should consider the possibility of co-infection with 
other pathogens.

Although influenza can be treated with effective 
antiviral agents, such as oseltamivir and peramivir, 
no licensed effective therapeutic agents are available 
to treat HPIV infections. In this study, ribavirin and 
IVIG did not reduce death, indicating the need for 
novel therapeutic agents and preventive vaccines for 
HPIV. A phase III clinical trial of DAS-181 as a novel 
therapeutic agent for HPIV is ongoing (27,28). Until 
novel therapeutic agents or vaccines are developed, 
it is crucial to maintain contact precautions and envi-
ronmental cleaning against HPIV in hospital settings.

The strength of this study lies in its comprehen-
sive overview of severe HPIV-associated pneumo-
nia over a decade. We have provided insights into 
various epidemiologic and clinical characteristics of 
severe HPIV-associated pneumonia, including the 
identification of causative serotypes according to the 
site of pneumonia acquisition. Moreover, our study 
highlights the relatively frequent incidences of co-
infections in patients with severe HPIV-associated 
pneumonia, particularly focusing on the effects of 
fungal co-infections on mortality rates.

The first limitation of our study is that it was 
conducted exclusively at a single tertiary care center 
and focused on a highly selected subset of HPIV pa-
tients. Nonpneumonic patients and those with mild 
to moderate pneumonia were not included, limiting 
the generalizability of our findings. Second, HAP 
cases could have been misclassified according to our 
definition if patients had upper respiratory infections 
with asymptomatic or mild symptoms that were not 
documented upon admission. Third, we did not per-
form BAL for all patients in this study; therefore, vi-
ral pathogens might have been present as bystand-
ers causing asymptomatic, persistent, and prolonged 
shedding. In addition, HPIV detection might have 
occurred by chance, possibly stemming from ongo-
ing nosocomial transmission in hospitalized patients 
who had HAP caused by other pathogens. Fourth, the 
small numbers of HPIV-1, -2, and -4 infected patients 
in the study precluded the analyses of differences in 
clinical characteristics and outcomes among those 

HPIV serotypes. Finally, we did not perform a molec-
ular study of HPIV. Thus, we could not evaluate the 
effects of molecular characteristics on clinical features 
even within the same serotype.

In conclusion, HPIV is the leading viral pathogen 
of severe HAP in adult patients. In this study, we found 
that the mortality rate was comparable to that of severe 
influenza virus–associated pneumonia, and fungal co-
infections significantly contributed to the high mortal-
ity rate. Clinicians should consider the high likelihood 
of co-infection with other pathogens in patients with 
HPIV-associated pneumonia, and contact precautions 
and environmental cleaning must be used to prevent 
HPIV transmission in hospital settings.
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Respiratory viral illnesses place an enormous bur-
den on human health and the healthcare system 

(1–3). Although multiple pathogenic respiratory vi-
ruses circulate, often simultaneously, public health 
has traditionally dedicated most of its attention to 
monitoring trends in laboratory-confirmed influenza 
and influenza-like illness (ILI). Illness and death asso-
ciated with seasonal respiratory syncytial virus (RSV) 
spikes, the SARS-CoV-2 pandemic, and occasional 

clusters of infection from other respiratory patho-
gens, however, illustrate the importance of expand-
ing monitoring to include all respiratory viral–like ill-
ness activity. Relying on laboratory testing alone will 
not accomplish this goal because most persons with 
respiratory viral illnesses do not seek care, many who 
do seek care are not tested, and not everyone tested is 
tested for all respiratory viruses. 

Public health agencies have traditionally relied 
on syndromic surveillance to monitor conditions 
for which testing rates are low and variable (4). The 
Centers for Disease Control and Prevention’s outpa-
tient Influenza-like Illness Surveillance Network and 
emerging systems designed to monitor COVID-19–
like illness are prime examples (5–9). However, syn-
dromic surveillance systems tend to provide little or 
no information about which particular pathogens are 
circulating, and most jurisdictions require fever to de-
fine ILI, a requirement that increases specificity but 
lowers sensitivity (fever occurs in fewer than half of 
persons with laboratory-confirmed influenza) (10). 
Surveillance focusing on single pathogens (e.g., influ-
enza, SARS-CoV-2), viral testing alone, or syndromic 
definitions alone provides an incomplete picture of 
respiratory illness activity and can miss critical trends 
and developments (11,12). Extending surveillance to 
include multiple pathogens, using both laboratory 
testing and syndromes, and decreasing reliance on fe-
ver as a gatekeeper symptom are necessary to provide 
public health agencies and healthcare institutions with 
the data needed to improve situational awareness for 
planning, resource use, internal and external commu-
nications, and targeted prevention activities. 

To regularly monitor overall respiratory viral ill-
ness activity associated with multiple pathogens, we 
developed an integrated surveillance strategy using a 
combination of laboratory and syndromic indicators, 
incorporating logic to identify the relative contribu-
tions of different individual pathogens. We describe 
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Viral respiratory illness surveillance has traditionally fo-
cused on single pathogens (e.g., influenza) and required 
fever to identify influenza-like illness (ILI). We devel-
oped an automated system applying both laboratory test 
and syndrome criteria to electronic health records from 
3 practice groups in Massachusetts, USA, to monitor 
trends in respiratory viral–like illness (RAVIOLI) across 
multiple pathogens. We identified RAVIOLI syndrome 
using diagnosis codes associated with respiratory viral 
testing or positive respiratory viral assays or with fever. 
After retrospectively applying RAVIOLI criteria to elec-
tronic health records, we observed annual winter peaks 
during 2015–2019, predominantly caused by influenza, 
followed by cyclic peaks corresponding to SARS-CoV-2 
surges during 2020–2024, spikes in RSV in mid-2021 
and late 2022, and recrudescent influenza in late 2022 
and 2023. RAVIOLI rates were higher and fluctuations 
more pronounced compared with traditional ILI surveil-
lance. RAVIOLI broadens the scope, granularity, sensitiv-
ity, and specificity of respiratory viral illness surveillance 
compared with traditional ILI surveillance.
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our data-driven approach to developing a routine, 
automated respiratory virus-like illness (RAVIOLI) 
algorithm for syndromic surveillance in Massachu-
setts using live electronic health record (EHR) data 
drawn from 3 large practice groups. Our work was 
performed as public health surveillance and therefore 
not subject to institutional review board oversight. 

Methods
We used the Electronic Medical Record Support for 
Public Health (ESP, https://www.esphealth.org) 
public health surveillance platform to develop the 
RAVIOLI algorithm. ESP is open-source software that 
uses automated daily extracts of EHR data to iden-
tify and report conditions of public health interest to 
health departments (13–17). ESP maps raw data to 
common terms and then applies algorithms to iden-
tify conditions using diagnosis codes, prescriptions, 
laboratory tests, and vital signs. In Massachusetts, 
ESP is used for automated reporting of infectious dis-
ease cases to the Massachusetts Department of Public 
Health, aggregate reporting of chronic diseases, and 
continuum-of-care assessments (18–21). 

Three multisite clinical practice groups that use 
ESP for infectious disease reporting, Atrius Health, 
Cambridge Health Alliance, and Boston Medical Cen-
ter, contributed data for our project. Atrius Health 
(https://www.atriushealth.org) is an ambulatory 
care group with >30 locations in eastern Massachu-
setts that provides clinical services for a population of 
≈700,000. Cambridge Health Alliance (https://www.
challiance.org) is a safety-net system that provides 
ambulatory and inpatient care to >140,000 patients in 
communities north of Boston. Boston Medical Center 
(https://www.bmc.org) is a 514-bed academic medi-
cal center and safety-net hospital that provides am-
bulatory and inpatient care to ≈220,000 persons. We 
combined data from those 3 sites for this analysis.

We sought to develop an evidence-based set of 
diagnosis codes to identify respiratory virus–like ill-
nesses and assess whether a subset of those codes 
might be predictive of specific pathogens. To identify 
codes associated with respiratory viral illness syn-
drome, we identified all patients tested for respiratory 
viruses (Table 1) during October 3, 2015–July 30, 2022. 
Among patients who tested positive for >1 virus, we 
identified all International Classification of Diseases, 
10th Revision (ICD-10), diagnosis codes recorded 
within 2 days before or after the specimen collection 
date. For patients without a recorded specimen col-
lection date, we used the test order date; if that was 
unavailable, we used the result date. We manually 
removed ICD-10 codes unrelated to respiratory viral 

illness (e.g., trauma, cancer, chronic disease manage-
ment). The list of >7,000 excluded codes is available 
upon request from the authors. 

We calculated the positive predictive value (PPV) 
for each ICD-10 code associated with positive respi-
ratory virus test results. We also calculated the PPV 
for measured temperature >100°F within 2 days be-
fore or after a positive respiratory virus test. We cal-
culated the PPV for each ICD-10 code and fever as 
the number of encounters with the diagnosis code 
within 2 days of a positive test divided by the total 
number of times the diagnosis code occurred across  
all clinical encounters during the study period. We 
defined a clinical encounter as a patient receiving a 
relevant diagnosis code, immunization, vital sign 
measure, laboratory test, or prescription. 

We included in the final algorithm diagnosis 
codes with a PPV ≥10% for any respiratory virus (all 
viruses combined) or for a specific individual respira-
tory virus. We also included encounters with positive 
respiratory virus tests in the total count of respiratory 
virus encounters as well as in virus-specific categories 
of RAVIOLI. We counted each viral encounter only 1 
time if the patient had both a positive respiratory vi-
rus assay result and >1 suggestive diagnosis code. We 
classified measured fever alone and diagnosis codes 
with a PPV of ≥10% for any positive respiratory vi-
rus test but <10% for any specific respiratory virus in 
a category referred to as nonspecific for respiratory 
viral illness syndrome. In summary, we categorized 
positive cases within RAVIOLI as virus-specific (e.g., 
influenza, adenovirus), based on a positive test or a 
diagnosis code with a PPV ≥10% for the specific vi-
rus, or nonspecific, based on fever or a diagnosis code 
with a PPV ≥10% for any positive test of interest. 

To better understand the underlying data in-
cluded in the final RAVIOLI algorithm, we exam-
ined the proportion of patients in each virus-specific 
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Table 1. Respiratory pathogens and test types included in 
RAVIOLI algorithm for monitoring respiratory virus–like illness* 
Pathogen Test types 
Adenovirus NAAT 
Non–SARS-CoV-2 coronaviruses: 
OC43,229E, HKU1, NL63 

NAAT 

Human metapneumovirus NAAT 
Influenza NAAT, antigen/rapid, 

culture 
Parainfluenza NAAT 
Respiratory syncytial virus NAAT, antigen 
Rhinovirus/enterovirus NAAT 
SARS-CoV-2 NAAT, antigen/rapid 
*Respiratory virus–like illness is defined as a clinical encounter with a 
positive laboratory test result for a respiratory virus, as shown in this table; 
1 of the International Classification of Diseases, 10th Revision, diagnosis 
codes shown in Table 1; or a measured fever >100°F. NAAT, nucleic acid 
amplification test. 
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category of the algorithm with a positive laboratory 
test and the proportion of patients in the nonspecific 
category with a fever. We generated weekly counts 
during October 3, 2015–January 13, 2024, for clinical 
encounters with patients meeting the RAVIOLI algo-
rithm, overall and stratified by the probable etiology 
when possible. For comparison, we also identified 
the proportion of patients that met the definition of 
ILI: fever and a diagnosis code for any influenza-like 
symptom or diagnosis; fever was identified by either 
a measured fever >100°F or diagnosis code for fever 

(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/30/6/23-0473-App1.pdf).  

Results 
Forty-two diagnosis codes (Table 2) and measured 
fever (>100°F) had a PPV ≥10% for either any posi-
tive respiratory virus test (nonspecific) or >1 virus-
specific positive test; those diagnosis codes and fever 
are included in the RAVIOLI algorithm. We recorded 
weekly counts of patients with clinical encounters 
and calculated the proportion that met the definition 
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Table 2. ICD-10 diagnosis codes that met the positive predictive value threshold for confirmed respiratory viral illnesses and are 
included in the RAVIOLI algorithm for monitoring respiratory virus–like illness* 

Virus 
ICD-10 
codes†  Description 

Adenovirus A08.2 Adenoviral enteritis 
 B34.0 Adenovirus infection, unspecified 
 B97.0 Adenovirus as the cause of diseases classified elsewhere 
 J12.0 Adenoviral pneumonia 
Non–SARS-CoV-2 
coronavirus 

B34.2 Coronavirus infection, unspecified 

SARS-CoV-2 B34.2 Coronavirus infection, unspecified 
 B97.29 Other coronavirus as the cause of diseases classified elsewhere 
 J12.82 Pneumonia associated with coronavirus disease 2019 
 J12.89 Other viral pneumonia 
 J80 Acute respiratory distress syndrome 
 R05.1 Acute cough 
 R48.1 Agnosia 
 U07.1 COVID-19 
Human metapneumovirus B97.81 Human metapneumovirus as the cause of diseases classified elsewhere 
 J12.3 Human metapneumovirus pneumonia 
 J21.1 Acute bronchiolitis associated with human metapneumovirus 
Influenza J09.X1 Influenza from identified novel influenza A virus with pneumonia 
 J09.X2 Influenza associated with identified novel influenza A virus with other respiratory manifestations 
 J10.00 Influenza associated with other identified influenza virus with unspecified type of pneumonia 
 J10.1 Influenza associated with other identified influenza virus with other respiratory manifestations 
 J11.00 Influenza associated with unidentified influenza virus with unspecified type of pneumonia 
 J11.1 Influenza associated with unidentified influenza virus with other respiratory manifestations 
Parainfluenza B33.8 Other specified viral diseases 
 B34.8 Other viral infections of unspecified site 
 J20.4 Acute bronchitis associated with parainfluenza virus 
Rhinovirus and enterovirus B34.0 Adenovirus infection, unspecified 
 B34.8 Other viral infections of unspecified site 
 B97.10 Unspecified enterovirus as the cause of diseases classified elsewhere 
 J20.6 Acute bronchitis associated with rhinovirus 
 J45.902 Unspecified asthma with status asthmaticus 
Respiratory syncytial virus B97.4 Respiratory syncytial virus as the cause of diseases classified elsewhere 
 J12.1 Respiratory syncytial virus pneumonia 
 J20.5 Acute bronchitis associated with respiratory syncytial virus 
 J21.0 Acute bronchiolitis associated with respiratory syncytial virus 
Any respiratory viral test 
(nonspecific) 

J21.8 Acute bronchiolitis associated with other specified organisms 
R06.03 Acute respiratory distress 

 P81.9 Disturbance of temperature regulation of newborn, unspecified 
 J12.9 Viral pneumonia, unspecified 
 R50.81 Fever manifesting with conditions classified elsewhere 
 J96.90 Respiratory failure, unspecified, unspecified whether with hypoxia or hypercapnia 
 R05.9 Cough, unspecified 
 J96.91 Respiratory failure, unspecified with hypoxia 
 J96.92 Respiratory failure, unspecified with hypercapnia 
 R57.9 Shock, unspecified 
*Respiratory virus-like illness is defined as a clinical encounter with a positive laboratory test result for a respiratory virus listed in Table 1; 1 of the ICD-10 
diagnosis codes listed in this table; or a measured fever >100°F. ICD-10, International Classification of Diseases, 10th Revision. 
†All of the diagnosis codes in the table had a positive predictive value ≥10% PPV for either any positive respiratory virus laboratory test or 1 of the virus-
specific positive tests. 
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for RAVIOLI overall (diagnosis code, fever, or posi-
tive respiratory virus test) and, for comparison, the 
proportion that met the ILI criteria (Figure 1). The 
percentage of encounters that met the RAVIOLI al-
gorithm showed clear seasonal trends of annual win-
ter spikes during 2015–2019 followed by periodic in-
creases during spring 2020–early 2024, corresponding 
to emergence or surges of SARS-CoV-2, RSV, and in-
fluenza in Massachusetts. RAVIOLI was identified in 
a much larger proportion of encounters than ILI after 
March 2020 and, at times (e.g., fall 2021, August–No-
vember 2023), ILI did not detect an increase in respi-
ratory virus illness while RAVIOLI did.  

We estimated weekly counts of patients with 
clinical encounters meeting the RAVIOLI algorithm 
stratified by encounters with virus-specific or non-
specific encounters without a classified virus. We 
calculated those data for the full study period, Oc-
tober 2015–January 2024 (Figure 2, panel A), and for 
January 2020–January 2024 (Figure 2, panel B). Before 
March 2020, most RAVIOLI encounters came from 
the influenza or nonspecific categories. SARS-CoV-2 
subsequently dominated until fall 2021, when the 
nonspecific category reemerged, along with influ-
enza and RSV. When we examined trends by patient 
age groups, the highest proportion of encounters that 
met the RAVIOLI algorithm were among children 0–4 
years of age, followed by young persons 5–24 years of 
age (Figure 3). 

Data from January 2023–January 2024 show the 
proportions of patients in the COVID-19, influenza, 
and RSV categories with a positive laboratory test 
versus diagnosis code, as well as the proportion in 
the nonspecific category with fever (Appendix Ta-
ble 2). The proportion with a positive test varied by 
virus and time; patients in the COVID-19 category 
were least likely and those in the RSV category most 
likely to have a positive laboratory test. Among pa-
tients in the nonspecific category, one third or fewer 
had evidence of fever, and most were identified by 
a diagnosis code. We also determined the propor-
tion of RAVIOLI patients identified on the basis of 
>1 positive laboratory test, diagnosis code, or fever 
during January 2021–January 2024 (Appendix Figure 
1); RAVIOLI patients can meet >1 criterion (e.g., have 
both a positive laboratory test and a diagnosis code). 
Diagnosis codes were the most common element con-
tributing to identification in most weeks, followed by 
positive laboratory tests and fever. 

Discussion 
Respiratory viruses continue to impose a high bur-
den on patients, healthcare providers, and society, 
and multiple pathogens, including SARS-CoV-2, in-
fluenza, RSV, and others, contribute to the burden 
of respiratory illnesses. Both healthcare providers 
and public health agencies therefore have an inter-
est in having access to timely and granular data on 
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Figure 1. Numbers of patients with a clinical encounter for respiratory virus–like illness and the percentages that met the requirements 
for influenza-like illness versus those of the RAVIOLI algorithm for monitoring respiratory virus–like illness, by week, Massachusetts, 
USA, October 2015–January 2024. Patients receiving a diagnosis code, immunization, vital sign measure, laboratory test, or 
prescription were considered to have a clinical encounter. 
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trends in respiratory viral illnesses and contribut-
ing pathogens. We developed an EHR-based al-
gorithm for integrated surveillance of respiratory 
virus illness syndromes and associated pathogens 
using historical data to identify diagnosis codes 
and other characteristics of healthcare visits most 
predictive of confirmed respiratory viral illness-
es. The RAVIOLI algorithm comprises positive  

laboratory tests, evidence-based diagnosis codes, 
and measured fever. 

We have implemented RAVIOLI surveillance 
within the ESP automated public health surveillance 
platform to provide the Massachusetts Department 
of Public Health and participating practices with 
weekly reports on RAVIOLI incidence and contrib-
uting pathogens. RAVIOLI provides the department 
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Figure 2. Numbers of patients that met the requirements for the RAVIOLI algorithm for monitoring respiratory virus–like illness, by 
pathogen category and week, Massachusetts, USA, October 2015–January 2024. A) October 2015–January 2024; B) January 2020–
January 2024. Within each virus-specific category are counts of positive test results and diagnosis codes with a positive predictive 
value (PPV) ≥10% for that specific pathogen. The nonspecific category includes diagnosis codes with a PPV of ≥10% for any positive 
respiratory viral assay but PPV of <10% for any specific respiratory virus and includes measured fever >100°F. 
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and practices with granular insight into evolving 
trends in respiratory viral illness rates that both re-
tains the best features of traditional syndromic sur-
veillance (capacity to monitor changes in disease 
incidence in near real time regardless of whether 
persons get tested) and simultaneously broadens 
the scope of surveillance to include multiple patho-
gens, not just influenza and SARS-CoV-2. The data 
provide insight into the relative proportions of con-
tributing pathogens across multiple clinical facilities 
using both test results and diagnosis codes to iden-
tify organisms. 

When implemented well, syndromic surveil-
lance provides a picture of the frequency, intensity, 
and trends in indicators of infectious and nonin-
fectious conditions at local and extended scales. 
Integrating available viral pathogen test results, 
even if only in a subset of the population under 
surveillance, as we have done with the RAVIOLI 
algorithm, can add information about what is or is 
not contributing to observed increases in respira-
tory viral activity. Although influenza-like illness 
and COVID-like illness surveillance have been 
critical components for monitoring influenza and 
COVID-19 activity, reliance on fever as a required 
component of syndromic definitions is problematic 
because fever occurs only in a minority of labora-
tory-confirmed influenza and SARS-CoV-2 cases 
(22–24). Syndromic surveillance algorithms that re-
quire fever can therefore miss critical trends in the 
incidence of illnesses (9). The RAVIOLI algorithm, 
in contrast, does not require fever as a criterion and 
uses both laboratory test results and an evidence-
based set of diagnosis codes to increase both sensi-
tivity and specificity.  

Limitations of RAVIOLI surveillance include 
its development in a single region of the country 

using data from just 3 practice groups. Generaliz-
ability to other practice groups and regions need to 
be assessed. Changes in testing practices or coding 
practices over time and between practices might 
change the future performance of the RAVIOLI al-
gorithm. The algorithm will require periodic revali-
dation and possibly modification. Furthermore, the 
breadth of pathogen capture using the RAVIOLI 
algorithm depends on the range and frequency of 
respiratory viral testing by clinicians; greater use 
of multiplex testing platforms will provide more 
granular and robust results. RAVIOLI surveillance 
is limited to patients who seek care, which likely 
biases the data toward pathogens associated with 
more severe disease. The PPV of algorithm compo-
nents may vary by season; whether and how this 
affects surveillance should be considered. We used 
a 10% PPV threshold to select diagnosis codes for 
inclusion. This threshold was arbitrary, but we 
found using higher thresholds dramatically re-
duced the number of eligible diagnosis codes. We 
also found that the terms associated with diagno-
sis codes with a PPV of ≥10% were specific in their 
descriptions and not indicative of broad health  
conditions. However, the PPV threshold for includ-
ing diagnosis codes should be considered in future 
revalidation of the algorithm. 

The healthcare site data included in develop-
ing the algorithm and whose data are part of the 
weekly reports came from both ambulatory and 
inpatient care facilities. We observed variation in 
which RAVIOLI categories (e.g., influenza, RSV) 
of the algorithm were detected at each site (data 
not shown). The limited number of sites makes it 
difficult to know if apparent differences between 
ambulatory and inpatient sites resulted from dif-
ferences in catchment populations, illness severity  
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Figure 3. Percentage of patients 
meeting the RAVIOLI algorithm 
for monitoring respiratory 
virus–like illness, by age group, 
Massachusetts, USA, October 
2015–January 2024.
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associated with different viruses, or testing plat-
forms. As the network expands to include a greater 
number and variety of sites, we plan to examine 
this question further. 

The Massachusetts Department of Public Health 
has used data from the underlying EHR-based sys-
tem for infectious disease reporting and surveil-
lance for more than a decade (18–21,25–28). This 
system has been sustained and enhanced over time 
to meet MDPH needs. As public health agencies 
consider what they need for the monitoring of cur-
rent, emerging, and as-yet unidentified pathogens, 
we have found that a robust EHR data platform is a 
critical complement to traditional surveillance data.  

In conclusion, we developed an integrated, rou-
tine, automated EHR-based system for respiratory 
virus surveillance in Massachusetts. As experience 
with this approach expands, the hope is that this 
system will provide early indications of emerging 
infection trends and prevailing pathogens that ren-
der a fuller picture of respiratory viral activity be-
yond ILI and COVID-like illnesses. A broader view 
of circulating pathogens will provide public health 
agencies and healthcare institutions with more pre-
cise information useful for informing testing guid-
ance, optimizing health communications; develop-
ing more targeted prevention activities, including 
vaccination; initiating enhanced infection control 
measures, such as masking and posting of notices 
in facilities; and generating other policies opti-
mized to minimize the effect on population health 
of specific circulating pathogens.   
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Increasing antimicrobial resistance (AMR) remains 
a critical public health threat (1,2). Carbapenem-

resistant Enterobacterales (CRE) have been identified 
as an urgent public health threat and extended-spec-
trum β-lactamase (ESBL)–producing Enterobactera-
les (ESBL-E) as a serious public health threat (1). Both 
bacteria types remain of concern because of trans-
missibility of the AMR genes they harbor and lim-
ited treatment options. Particularly concerning are 
plasmid-mediated resistance mechanisms in which 
genes encoding carbapenemases and ESBLs, as well 
as other resistance determinants, can disseminate be-
tween different organisms, thus furthering the spread 
of CRE and ESBL-E (3). Knowledge of the burden of 
these infections has implications for public health 
and the control strategies needed to prevent spread 
in adult and pediatric populations.

Most US studies have focused on risk factors 
for infection or colonization of CRE and ESBL-E in 
adults; national epidemiologic data for children 
are comparatively lacking (4–9). Moreover, atten-
tion to antimicrobial-resistant bacterial infections in 

children has perhaps been further disrupted by the 
COVID-19 pandemic, and trends have potentially 
worsened over the past 3 years. Few antimicrobial 
drugs can treat CRE and ESBL-E infections (10), and 
limited pediatric-specific clinical trials of antimi-
crobial drugs contribute to a scarcity of knowledge 
with regard to children compared with adults (11). A 
small number of studies have described the contin-
ued emergence of AMR mechanisms in US children 
(12–16) and identified variations in epidemiology by 
hospital and bacteria species across multiple pediat-
ric medical centers (17–19). However, most studies 
were conducted in earlier years and were not de-
signed to characterize the clinical and molecular fea-
tures of cases identified from community and hospi-
tal settings on a population level.

The Centers for Disease Control and Preven-
tion (CDC) Emerging Infections Program (EIP) con-
ducts laboratory and population-based surveillance 
for CRE and ESBL-E in diverse US sites through 
the Multi-site Gram-negative Surveillance Initiative 
(https://www.cdc.gov/hai/eip/mugsi.html). Us-
ing those data, we focused on the descriptive and 
comparative epidemiology of CRE and ESBL-E, 2 of 
the most pressing gram-negative bacteria resistance 
threats, in US children.

Our study activity was reviewed by CDC, deemed 
not research, and was conducted consistent with ap-
plicable federal law and CDC policy (e.g., 45 C.F.R. 
part 46.102(l)(2), 21 C.F.R. part 56; 42 U.S.C. §241(d); 
5 U.S.C. §552a; 44 U.S.C. §3501 et seq.). Similarly, the 
protocol was reviewed by all participating EIP sites 
and either was deemed nonresearch or received in-
stitutional review board approval with a waiver of 
informed consent.

Methods

Surveillance Population
As of 2016, county-level CRE surveillance was con-
ducted in selected US metropolitan counties at 8 EIP 
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We conducted surveillance for carbapenem-resistant 
Enterobacterales (CRE) during 2016–2020 at 10 US 
sites and extended-spectrum β-lactamase–producing 
Enterobacterales (ESBL-E) during 2019–2020 at 6 US 
sites. Among 159 CRE cases in children (median age 5 
years), CRE was isolated from urine for 131 (82.4%) and 
blood from 20 (12.6%). Annual CRE incidence rate (cas-
es/100,000 population) was 0.47–0.87. Among 207 ESBL-
E cases in children (median age 6 years), ESBL-E was 
isolated from urine of 196 (94.7%) and blood of 8 (3.9%). 
Annual ESBL-E incidence rate was 26.5 in 2019 and 
19.63 in 2020. CRE and ESBL-E rates were >2-fold higher 
among infants than other age groups. Most CRE and ES-
BL-E cases were healthcare-associated community-onset 
(68 [43.0%] for CRE vs. 40 [23.7%] for ESBL-E) or com-
munity-associated (43 [27.2%] for CRE vs. 109 [64.5%] for 
ESBL-E). Programs to detect, prevent, and treat multidrug-
resistant infections must include pediatric populations (par-
ticularly the youngest) and outpatient settings.
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sites (Colorado, Georgia, Maryland, Minnesota, New 
Mexico, New York, Oregon, Tennessee); surveillance 
subsequently expanded to 2 additional sites (Califor-
nia in 2017 and Connecticut statewide in 2018) (20). 
The total population of the 10 participating areas un-
der surveillance in 2020 was an estimated 23.2 million, 
of which an estimated 4.9 million were children (21).

County-level ESBL-E surveillance started in July 
2019 in selected counties at 6 EIP sites (Colorado, 
Georgia, Maryland, New Mexico, New York, Ten-
nessee). The total population of the 6 participating 
areas under surveillance in 2020 was an estimated 
3.0 million, of which an estimated 626,000 were chil-
dren (21) (Appendix, https://wwwnc.cdc.gov/EID/
article/30/6/23-1734-App1.pdf).

Case Definitions and Data Collection
Beginning in 2016, we defined an incident pediatric 
CRE case as the first isolation during a 30-day period 
of Klebsiella pneumoniae, K. oxytoca, K. aerogenes, En-
terobacter cloacae complex, or Escherichia coli resistant 
to >1 carbapenem (imipenem, meropenem, doripe-
nem, ertapenem) from a normally sterile body site 
(Appendix) or urine specimen from a surveillance 
area resident <18 years of age. We defined an incident 
pediatric ESBL-E case as the first isolation during a 
30-day period of E. coli, K. pneumoniae, K. variicola, or 
K. oxytoca resistant to >1 extended-spectrum cepha-
losporin (ceftazidime, cefotaxime, or ceftriaxone) and 
nonresistant (i.e., susceptible or intermediate) to all 
tested carbapenems from a normally sterile body site 
or urine specimen from a surveillance area resident 
<18 years of age. To prevent duplication with CRE 
surveillance, we excluded ESBL-E isolates that were 
carbapenem resistant. For both ESBL-E and CRE, if 
a new specimen meeting the case definition was col-
lected >30 days after the patient’s last incident case 
with the same organism, it was also reported as an 
incident case. CRE and ESBL-E cases were identified 
through a query of automated testing instruments 
based on laboratory protocols (Appendix).

All incident CRE cases, as well as all incident 
ESBL-E cases from a sterile source, underwent medi-
cal record review by using a standardized case re-
port form to collect patient demographics, underly-
ing conditions, healthcare exposures and outcomes, 
location of specimen collection, associated infection 
types, and antimicrobial susceptibility testing results 
(20) (Appendix). For ESBL-E cases identified from 
urine sources, for each year, first incident cases per 
species in a patient were reviewed.

Cases were considered hospital onset if the in-
cident culture was collected >3 days after hospital  

admission. All other cases were considered commu-
nity onset and further classified as either 1) health-
care-associated if the person had hospitalization, 
surgery, residence in a long-term care facility or long-
term care acute care hospital, or chronic dialysis in 
the year before culture or had an indwelling device in 
the 2 days before culture; or 2) community-associated 
if none of those risk factors were identified.

Isolate Collection
We submitted a convenience sample of isolates from 
all EIP sites to CDC for confirmatory and molecular 
characterization. CRE and ESBL-E isolates under-
went species identification by matrix-assisted laser 
desorption/ionization time-of-flight mass spectrom-
etry (MALDI-TOF Biotyper 3.1; Bruker Daltronics, 
https://www.bruker.com). We conducted antimicro-
bial susceptibility testing of CRE isolates by using ref-
erence broth microdilution with a metallo-β-lactamase 
screen (22,23), screening for carbapenemases by using 
the modified carbapenem inactivation method (24), 
and real-time PCR testing for blaKPC, blaNDM, blaVIM, 
blaIMP, and blaOXA-48-like genes (25–28). If a CRE isolate 
harbored a carbapenemase-producing gene accord-
ing to PCR, it was classified as carbapenemase pro-
ducing (CP). We used real-time PCR to screen all 
isolates with a colistin MIC >2 µg/mL for plasmid-
mediated colistin resistance genes (mcr-1 and mcr-2) 
(29). We conducted antimicrobial susceptibility test-
ing of ESBL-E by using reference broth microdilution 
and performed phenotypic screening for ESBL pro-
duction with ceftazidime and cefotaxime alone and 
in combination with clavulanate (24). We conducted 
whole-genome sequencing on a subset of CRE iso-
lates from 2016–2018 that were confirmed to be car-
bapenem resistant and on the subset of ESBL isolates 
received from CDC (Appendix).

Statistical Analyses
We calculated crude incidence rates by using case 
counts and 2016–2020 US Census estimates of the 
surveillance area population <18 years of age. For 
incidence rates presented by region, demographics, 
or age group, denominators represent the pediatric 
population also stratified by that subgroup. Analysis 
was limited to case report forms completed as of No-
vember 29, 2022. We performed descriptive and com-
parative analyses for CRE and ESBL-E cases by using 
the χ2 test or the Fisher exact test (where applicable) 
for categorical variables and the Wilcoxon rank sum 
test for continuous variables. We used SAS version 
9.4 (SAS Institute Inc, https://www.sas.com) to con-
duct data analyses.
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Results

Cases and Incidence Rates
During 2016–2020, a total of 159 incident CRE cases 
were identified in 142 children across 10 EIP sites. 
Of the 159 cases, 83 (52.2%) isolates were E. cloacae 
complex, 50 (31.5%) E. coli, 17 (10.7%) K. pneumoniae, 
5 (3.1%) K. aerogenes, and 4 (2.5%) K. oxytoca (Table 1). 
The number of CRE cases per EIP site ranged from 3 
to 47. E. coli comprised half or most of the CRE cases 
in New Mexico (50.0%), Tennessee (71.4%), and Cali-
fornia (85.7%), whereas E. cloacae complex were the 
most common organisms at the other sites (44.4%–
71.4%). Of the 142 unique persons with CRE, during 
the 5-year surveillance period >2 incident cultures 
were obtained from 17 (12.0%) (range 2–6 episodes).

During 2019–2020, a total of 207 incident ESBL-
E cases were identified in 184 children across the 6 
participating EIP sites. Of the 207 cases, 182 (87.9%) 
isolates were E. coli, 23 (11.1%) K. pneumoniae, and 
2 (1.0%) K. oxytoca (Table 1). The number of ES-
BL-E cases per EIP site ranged from 14 to 57 cases; 
at all 6 sites, the predominant organism was E. coli 
(82.5%–100.0%). Of the 184 unique persons with ES-
BL-E, during the 1.5-year surveillance period, >2 in-
cident cultures were obtained from 23 (12.5%) (range  
2–4 episodes).

The overall annual CRE incidence rate (cas-
es/100,000 pediatric population) across EIP sites 
during the 5-year period was 0.70 (range 0.47–0.87). 
The overall annual ESBL-E incidence rate during 
the 1.5-year period was 23.08, decreasing from 
26.54 in 2019 to 19.63 in 2020. Crude incidence rates 
for CRE and ESBL-E varied by geographic region 
and year (Table 2).

During 2016–2020, annual incidence rates for 
infants (children <1 year of age) were consistently 
higher than those for other age groups, ranging 
from 1.95 to 3.82 cases/100,000 pediatric population 
for CRE and 46.85 to 91.97 cases/100,000 pediatric 
population for ESBL-E (Figure 1). In addition, crude 
annual incidence rates for CRE and ESBL-E were 
nearly always higher for female than male children 
(Table 2), except in the youngest age group. During 
2016–2020, average annual crude incidence rates for 
CRE cases were higher for male than for female chil-
dren <1 year of age (3.38 vs. 2.35 cases/100,000 pedi-
atric population).

Demographics and Clinical Characteristics
Of 159 CRE cases, 94 (59.1%) were in girls (Table 3), 
compared with 49.1% of the overall pediatric popu-
lation. Median age was 5 (interquartile range [IQR] 
1–10) years; 4 (2.5%) children were <1 month of age 
and 31 (19.5%) were 1–12 months of age (compared 
with 5.4% of the population <1 year of age). Most 
children with CRE were White (79 [50.0%]) and 
non-Hispanic (86 [54.1%]). Similarly, of 207 ESBL-E 
cases, most were in girls (165 [79.7%] compared with 
49.1% of the overall pediatric population), White (92 
[44.4%]), and non-Hispanic (96 [46.4%]). The median 
age was 6 (IQR 2–15) years; 3 (1.5%) children were <1 
month of age, and 27 (13.0%) were 1–12 months of 
age (compared with 5.1% of the population <1 year 
of age).

Clinical characteristics were available for 158 CRE 
and 169 ESBL-E cases with completed case report 
forms (Table 3). Of those, a greater proportion of chil-
dren with CRE than ESBL-E had a history of prema-
ture birth (20 [12.7%] vs. 11 [6.5%] among those with 

 
Table 1. Incident CRE and ESBL-E cases in children, by organism, United States* 

Organism 

Incident CRE cases, 2016–2020 

 

Incident ESBL-E cases, 2019–2020† 

No. (%) 
cases 

Isolates 
submitted for 

carbapenemase 
testing, no. 

No. (%) 
CP 

isolates‡ 

No. (%) carbapenemase 
genes‡ 

No. (%) 
cases 

No. isolates 
submitted 
for ESBL 
testing 

No. (%) 
ESBL-

producing 
organisms§ blaKPC blaNDM 

blaOXA-48-
like 

Escherichia coli 50 (31.5) 26 5 (19.2) 0 2 (7.7) 3 (11.5)  182 (87.9) 16 15 (93.8) 
Enterobacter 
cloacae complex 

83 (52.2) 47 1 (2.1) 1 (2.1) 0 0  NA NA NA 

Klebsiella 
aerogenes 

5 (3.1) 4 1 (25.5) 0 1 (25.0) 0  NA NA NA 

K. oxytoca 4 (2.5) 1 1 (100.0) 1 (100) 0 0  2 (1.0) NA NA 
K. pneumoniae 17 (10.7) 8 1 (12.5) 0 1 (12.5) 0  23 (11.1) 3 3 (100.0) 
Total 159 86 9 (10.5) 2 (2.3) 4 (4.7) 3 (3.5)  207 19 18 (94.7) 
*All incident pediatric cases with available case report form data as of November 28, 2022, were included in this analysis. CP, carbapenemase-producing; 
CRE, carbapenem-resistant Enterobacterales; ESBL-E, extended-spectrum -lactamase–producing Enterobacterales; NA, not applicable (no organisms 
tested; ESBL-E surveillance included Escherichia coli, Klebsiella oxytoca, Klebsiella pneumoniae).  
†ESBL-E surveillance began in July 2019 at all participating sites. California, Connecticut, Minnesota, and Oregon do not participate in ESBL-E 
surveillance. 
‡Percentages shown are of isolates submitted. Carbapenemases and colistin resistance genes not listed in the table were not detected for any isolates. 
§Percentages shown are of isolates submitted. Phenotypic screening for ESBL-E production was performed by using ceftazidime and cefotaxime alone 
and in combination with clavulanate according to Clinical and Laboratory Standards Institute guidelines (24). 
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term birth; p = 0.06) and any underlying condition  
(99 [62.7%] vs. 59 [34.9%] p<0.01).

Culture Sources and Associated Infection Types
For most CRE and ESBL-E cases, including those in 
children <1 year of age, organisms were isolated from 
urine (131 [82.4%] from CRE cases and 196 [94.7%] 
from ESBL-E cases) (Table 4). Accordingly, the most 
common reported infection type was lower urinary 
tract infection (89 [56.3%] for CRE and 125 [74.0%] 
for ESBL-E). For CRE and ESBL-E cases, the great-
est number of isolates were collected in an emer-
gency department or outpatient setting (108 [68.4%] 
for CRE and 154 [91.1%] for ESBL-E), although CRE 
cases were more likely than ESBL-E cases to be hos-
pital onset (40 [25.3%] vs. 13 [7.7%]; p<0.01) (Table 3). 
Healthcare-associated community onset (68 [43.0%] 
CRE vs. 40 [23.7%] ESBL-E) and community-associ-
ated (43 [27.2%] CRE vs. 109 [64.5%] ESBL-E) repre-
sented most CRE and ESBL-E cases.

Healthcare Exposures and Outcomes
Among cases with available case report form data, a 
greater proportion of children with CRE than ESBL-E 
underwent acute care hospitalization (74 [46.8%] CRE 
vs 38 [22.5%] ESBL-E; p<0.01) or surgery (61 [38.6%] 
CRE vs. 16 [9.5%] ESBL-E; p<0.01) within 1 year be-
fore specimen collection (Table 4). In the 2 days before 
specimen collection, CRE cases were also more likely 

than ESBL-E cases to have a central venous catheter 
(37 [23.4%] CRE vs. 12 [7.1%] ESBL-E; p<0.01) or oth-
er indwelling device (excluding urinary catheter) (60 
[38.0%] CRE vs. 19 [11.2%] ESBL-E; p<0.01). ESBL-E 
cases were significantly more likely than CRE cases to 
have no reported healthcare exposures (110 [65.1%] 
vs. 43 [27.2%]; p<0.01). Among ESBL-E cases, anti-
microbial use was documented in the 30 days before 
date of incident specimen collection for 52 (31.8%).

Hospitalization at the time of or within 30 days 
of specimen collection was required for a greater pro-
portion of community-onset CRE (40 [36.0%]) versus 
ESBL-E (13 [8.7%]) cases (p<0.01). Median duration 
of admission among all hospitalized community-on-
set and hospital-onset cases was 18 days (IQR 3–103 
days) for those with CRE versus 10 days (IQR 4–43 
days) for those with ESBL-E (p = 0.34).

Isolate Testing
The antimicrobial resistance profiles of incident CRE 
and ESBL-E cases from local clinical laboratories are 
shown elsewhere (Appendix Table 1). Among the 86 
CRE isolates submitted for carbapenemase testing, 9 
(10.5%) isolates from 6 of the 10 EIP sites harbored a 
carbapenemase: 4 blaNDM, 3 blaOXA-48-like, and 2 blaKPC 
(Table 1). Distribution of CP-CRE varied by organism. 
The 9 CP-CRE isolates were from 9 children, fewer 
than half of whom were 1–3 years of age (3 [15.8%]) 
and 4–9 years of age (3 [13.0%]); 6 (18.8%) were from 

 
Table 2. Incident pediatric CRE and ESBL-E cases with annual crude incidence, by geographic regions and demographic 
characteristics, United States* 

Category  

Crude annual incidence rate 
Incident CRE cases 

 
Incident ESBL-E cases 

2016 2017 2018 2019 2020 2019‡ 2020 
EIP sites by geographic region†         
 Northeast 0.63 0.00 1.24 0.91 1.38  26.15 24.39 
 Midwest 1.25 0.74 0.25 0.99 0.99  NA NA 
 South 0.82 0.55 0.71 1.05 0.44  26.30 16.57 
 West 0.86 0.37 0.48 0.64 0.38  27.15 20.15 
 Total 0.87 0.47 0.68 0.87 0.63  26.54 19.63 
Demographic characteristics         
 Sex§ 

     
 

  

  M 0.44 0.32 0.75 0.67 0.52  13.04 6.28 
  F 1.26 0.62 0.61 1.07 0.74  39.89 33.43 
 Race 

     
 

  

  White 0.68 0.31 0.55 0.78 0.50  23.85 13.96 
  Black 0.57 0.32 0.57 1.05 0.38  12.79 5.92 
  Other¶ 0.41 0.26 0.35 0.24 0.56  20.26 12.29 
*Crude annual incidence rate, cases/100,000 pediatric population. CRE, carbapenem-resistant Enterobacterales; EIP, Emerging Infections Program; 
ESBL-E, extended-spectrum -lactamase–producing Enterobacterales; NA, not applicable. 
†EIP sites grouped according to the 4 geographic regions defined by the US Census Bureau because of small case counts at some sites. California did 
not participate in CRE surveillance in 2016. Connecticut did not participate in CRE surveillance in 2016 or 2017. California, Connecticut, Minnesota, and 
Oregon do not participate in ESBL-E surveillance. 
‡ESBL-E surveillance was completed for 6 months during 2019. Crude annual incidence rates estimated as the number of cases multiplied by 2 divided 
by population based on 2019 US Census for that year. 
§One CRE and 1 ESBL-E case had sex reported as unknown. 
¶Other represents all reported races not indicated as White or Black, including American Indian or Alaska Native, Asian, Native Hawaiian or other Pacific 
Islander, or some other race. This combination category was necessary because of small numbers of pediatric cases in persons of races other than White 
or Black. In addition, 37 CRE cases and 74 ESBL-E cases had race indicated as unknown (not included in this category). 
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children with no reported underlying conditions (Ap-
pendix Table 2). The most common source was urine 
(8 CP-CRE isolates, 11.6% of submitted). Among the 
11 CRE isolates from 2016–2018 that were sequenced, 
identified multilocus sequence types (STs) were di-
verse (Appendix Table 3); 2 of 11 isolates harbored 
CP genes. Separately, of the 7 ESBL-E organisms that 
underwent whole-genome sequencing at CDC, 6 
were E. coli; ST131 and potential acquired ESBL gene 
blaCTX-M-15 were most common (Appendix Table 4).

Discussion
Over a 5-year surveillance period, 159 incident pe-
diatric CRE cases were reported across 10 EIP sites 
(representing >4 million children), resulting in an 
overall crude incidence of 0.70 cases/100,000 pediat-
ric population. The CRE case estimate is lower than 
the 207 incident pediatric ESBL-E cases identified 
over 1.5 years across 6 EIP sites (>600,000 children), 
which corresponds to an average crude incidence of 
23.08 cases/100,000 pediatric population. The bur-
den of infections was higher among girls than boys, 
more were detected in urine than in sterile site cul-
tures, and incidence was disproportionately high 
among children <1 year of age. We found variation 
in rates of infections by year, geographic region, and 
species and in the percentages of CRE organisms 
that produced carbapenemases.

Similar to findings of other studies (17,30), in 
our study, E. coli accounted for many resistant iso-
lates and represented most ESBL-E species identi-
fied. Of note, E. cloacae complex comprised most of 
the incident CRE cases. Our finding differs from that 

of another large, nationally representative pediatric 
study conducted during 1999–2012 (30), in which 
the most common organisms identified were E. coli 
and Proteus mirabilis. It also differs from that of an 
earlier EIP study of adult CRE cases conducted dur-
ing 2012–2013, in which K. pneumoniae accounted for 
most CRE cases identified (5). The previous EIP study 
used a different case definition that was more specific 
for carbapenemase-producing CRE (i.e., excluded er-
tapenem and required carbapenem nonsusceptibility 
and third-generation cephalosporin resistance) and 
thus may have excluded certain species that are less 
likely to produce carbapenemases, probably affecting 
the comparison to the cases in our study (31). From 
our sample of 47 pediatric CR–E. cloacae complex iso-
lates submitted for carbapenemase testing, only 1 was 
confirmed to be a carbapenemase producer (blaKPC). 
Thus, the variability in species predominance and 
limited number of carbapenemase genes identified in 
our study may result from differences in case defini-
tion.

Most CRE and ESBL-E cases in our study were 
healthcare-associated infections with community on-
set or were community-associated infections. Strik-
ingly, nearly 65% of the ESBL-E cases were reported 
to be community associated, and patients had no re-
ported history of healthcare exposure. In addition, 
most cases of CRE and ESBL-E were detected from 
cultures collected outside an acute care hospital, a 
finding that differs from previous studies reporting 
pediatric CRE infections more commonly isolated 
from hospitalized patients (30). The most common 
source of CRE and ESBL-E in this study was urine 

Figure. Annual crude incidence rates (cases/100,000 pediatric population) for incident pediatric carbapenem-resistant Enterobacterales 
(A) and extended-spectrum β-lactamase–producing Enterobacterales (B) cases, by age group, United States, 2016–2020. Incidence 
rate denominators are also stratified by age group.
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(and lower urinary tract infections), which prob-
ably contributed to the high proportion of cases col-
lected in outpatient settings. Increasing prevalence 
of community-associated ESBL-E urinary tract in-
fections has been noted across patients of all ages 
(32,33). Our findings highlight a similar shift in the 
clinical epidemiology of multidrug-resistant infec-
tions in children, supported by a rising trend in 
community-acquired ESBL-E causing urinary tract  

infections in children (34). Continued implementa-
tion of national programs to detect, prevent, and treat 
multidrug-resistant infections must increasingly in-
clude pediatric populations and outpatient settings.

Although incidence of CRE was lower than that 
of ESBL-E, children with CRE infection were generally 
hospitalized for longer durations, and rates of intensive 
care unit admission were higher. Children with CRE  
infection were also more likely to have >1 underlying 

 
Table 3. Demographic and clinical characteristics of children with incident CRE and ESBL-E cases, United States* 
Characteristic CRE, 2016–2020 ESBL-E, 2019–2020† p value 
Demographic n = 159 n = 207  
 Sex 

  
<0.01  

  F 94 (59.1) 165 (79.7) 
  M 64 (40.3) 41 (19.8) 
  Unknown 1 (0.6) 1 (0.5) 
 Age group, y 

  
<0.01 

  Median, IQR 5 (1–10) 6 (2–15) 
  <1 35 (22.0) 30 (14.5) 
  1–3 30 (18.9) 40 (19.3) 
  4–9 47 (29.6) 56 (27.1) 
  10–14 28 (17.6) 27 (13.0) 
  15–17 19 (12.0) 54 (26.1) 
 Race 

  
0.62  

  White 79 (50.0) 92 (44.4) 
  Black 29 (18.2) 25 (12.1) 
  Other 14 (8.8) 16 (7.7) 
  Unknown 37 (23.3) 74 (35.8) 
 Ethnicity 

  
0.89 

  Hispanic 43 (27.0) 45 (21.7) 
  Non-Hispanic 86 (54.1) 96 (46.4) 
  Unknown 30 (18.9) 66 (31.9) 
Clinical‡   

 

 Underlying conditions§ n = 158 n = 169 
 

  Premature birth 20 (12.7) 11 (6.5) 0.06 
  Diabetes mellitus 0 2 (1.2) 0.27 
  Neurologic condition, any 34 (21.5) 20 (11.8) 0.02 
  Urinary tract problems/abnormalities 42 (26.6) 22 (13.0) <0.01 
  Cardiovascular disease 13 (8.2) 3 (1.8) <0.01 
  Chronic pulmonary disease 25 (15.8) 21 (12.4) 0.38 
  Chronic renal disease 24 (15.2) 3 (1.8) <0.01 
  Gastrointestinal disease 3 (1.9) 1 (0.6) 0.23 
  Skin condition 12 (7.6) 8 (4.3) 0.28 
  Malignancy (hematologic or solid organ) 10 (6.3) 2 (1.2) <0.01 
  Transplant (hematopoietic stem cell or solid organ) 15 (9.5) 1 (0.6) <0.01 
  None 59 (37.3) 110 (65.1) <0.01 
  Any condition 99 (62.7) 59 (34.9) <0.01 
Epidemiologic classification of incident cases    
 Hospital onset 40 (25.3) 13 (7.7) <0.01 
 Community-associated 43 (27.2) 109 (64.5) <0.01 
 Healthcare-associated community onset 68 (43.0) 40 (23.7) <0.01 
 Unknown 7 (4.4) 7 (4.1) 0.90 
*Values are no. (%) except as indicated. Fisher exact test used for comparative statistics when >20% of expected cell counts were <5. Boldface indicates 
p<0.05. CRE, carbapenem-resistant Enterobacterales; ESBL-E, extended-spectrum -lactamase–producing Enterobacterales.  
†ESBL-E surveillance was completed for 6 months during 2019. 
‡Clinical characteristics were available for cases with completed case report forms only. 
§Cases could have >1 underlying condition associated with culture. Underlying conditions are further defined as follows: premature birth, birth before the 
week 37 of pregnancy, selected if medical record indicated premature birth and patient was <2 y of age; diabetes mellitus, includes both type I and type II; 
neurologic condition, any, includes cerebral palsy, chronic cognitive deficits, epilepsy/seizure/seizure disorders, multiple sclerosis, neuropathy, and 
others; urinary tract problems/abnormalities, a structural or functional urinary tract abnormality leading to obstruction or retention of urine as documented 
in the medical record; cardiovascular disease, includes congenital heart disease, congestive heart failure, prior cerebrovascular accident/stroke, 
peripheral vascular disease; chronic pulmonary disease, includes cystic fibrosis and any chronic respiratory condition resulting in chronic symptomatic 
dyspnea in medical record; chronic renal disease, includes chronic kidney disease (all stages), end-stage renal disease with or without dialysis; 
gastrointestinal disease, includes inflammatory bowel disease, liver disease, peptic ulcer disease, and short gut syndrome; skin condition, includes 
pressure ulcers, surgical wounds, other skin conditions such as eczema, psoriasis; malignancy, includes hematologic, metastatic and nonmetastatic solid 
organ; transplant, includes hematopoietic stem cell and solid organ. 
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condition and prior healthcare exposure. Meropol et al. 
(19) and Logan et al. (30) also reported higher propor-
tions of underlying conditions in children with mul-
tidrug-resistant gram-negative infections. However, 
our direct comparison of CRE and ESBL-E epidemiol-
ogy revealed statistically significant clinical differences 
even among children with multidrug-resistant gram-
negative infections. We also observed the proportion 
of CRE and ESBL-E in patients with no underlying  
conditions to be markedly higher than that found in 

previous studies focused on adult populations with 
those infections (5,9).

CRE incidence rates fluctuated by region through-
out the study period, partly reflecting variation in the 
small number of cases occurring on a yearly basis. 
Separately, the overall incidence of ESBL-E clearly 
decreased during 2020. That finding contrasts with 
reports of increased rates of ESBL-E infections among 
hospitalized patients, primarily adults, in 2020 (2). Our 
data were unadjusted and included nonhospitalized  

 
Table 4. Isolate culture source, collection location, and infection types among incident pediatric CRE and ESBL-E cases, United 
States* 
Category CRE, 2016–2020 ESBL-E, 2019–2020†  p value 
Culture source n = 159 n = 207  
 Urine‡ 131 (82.4) 196 (94.7) <0.01 
 Blood 20 (12.6) 8 (3.9) <0.01 
 Other normally sterile site 8 (5.0) 3 (1.5) 0.05 
Isolate collection location§ n = 158 n = 169 

 

 Acute care hospital 49 (31.0) 15 (8.9) <0.01 
 Outside acute care hospital 108 (68.4) 154 (91.1) <0.01 
  Emergency department 16/108 (14.8) 0 <0.01 
  Outpatient setting 92/108  (85.2) 154/154 (100.0) <0.01 
 Long-term care facility 0 0 NA 
 Long-term acute care facility 0 0 NA 
 Unknown 1 (0.6) 0 0.48 
Infection types¶ 

   

 Lower urinary tract infection# 89 (56.3) 125 (74.0) <0.01 
 Pyelonephritis 9 (5.7) 9 (5.3) 0.88 
 Bacteremia** 20 (12.7) 9 (5.3) 0.02 
 Other infection types 27 (17.1) 14 (8.3) 0.02 
 None 21 (13.3) 19 (11.2) 0.57 
 Unknown 9 (5.7) 8 (4.7) 0.70 
Healthcare exposures in prior year 

   

 Acute care hospitalization 74 (46.8) 38 (22.5) <0.01 
 Resident of long-term care facility 0 2 (1.2) 0.27 
 Admission to long-term acute care hospital 0 0 NA 
 Inpatient or outpatient surgery†† 61 (38.6) 16 (9.5) <0.01 
 Chronic dialysis 5 (3.2) 0 0.03 
 Indwelling device in the 2 d before DISC 

   

  Urinary catheter 29 (18.4) 20 (11.8) 0.10 
  Central venous catheter 37 (23.4) 12 (7.1) <0.01 
  Any other device 60 (38.0) 19 (11.2) <0.01 
 IV or oral antimicrobial use 30 d before DISC‡‡ N/A 52 (30.8) N/A 
 None of the above healthcare exposures 43 (27.2) 110 (65.1) <0.01 
Outcomes, no. patients 

   

 Hospitalization among community-onset cases§§ 40/111 (36.0) 13/149 (8.7) <0.01 
 ICU admission ≤6 d after DISC 10 (6.3) 5 (3.0) 0.15 
30-d mortality 

   

 Cases with an incident blood or sterile site specimen 4/27 (14.8) 2/9 (22.2) 0.29 
 Cases with an incident urine specimen 2/131 (1.5) 0 0.23 
*Values are no. (%) except as indicated. Denominators are indicated when different from total number. Fisher exact test used for comparative statistics 
when >20% of expected cell counts were <5. Boldface indicates p<0.05. CRE, carbapenem-resistant Enterobacterales; DISC, date of incident specimen 
collection; ESBL-E, extended-spectrum -lactamase–producing Enterobacterales; IV, intravenous. 
†ESBL-E surveillance was completed for 6 mo during 2019. 
‡Two incident urine CRE cases with subsequent nonincident blood cultures were identified. One incident urine ESBL-E case with subsequent nonincident 
blood culture was identified. Nonincident blood cultures are not counted here. 
§Isolate collection location, epidemiologic class, infection types available for cases with completed case report forms only. 
¶Cases could have >1 type of associated infection reported. 
#Lower urinary tract infection includes cases involving infection of the bladder or urethra. Pyelonephritis, or infections involving the kidney(s), were 
counted separately. 
**Bacteremia includes cases with a positive blood specimen or a documented diagnosis of sepsis, septicemia, bacteremia, or blood stream infection. 3 
CRE cases of sepsis and 2 ESBL-E cases of sepsis (with or without blood cultures) are included in the bacteremia classification above. 
††Surgery defined as procedures occurring in an operating room where a surgeon makes >1 incision through skin or mucous membrane, including 
laparoscopic approach. Ambulatory surgery centers may be included. 
‡‡Antimicrobial use (intravenous or oral) in 30 d before DISC collected for ESBL-E cases only. 
§§Hospitalization at time of or within 30 d after DISC. 
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patients, and it is possible that declines in outpatient 
healthcare use during the pandemic may have affect-
ed rates of ESBL-E among children. In addition, our 
data represent only mid-2019 through 2020, making 
the decline more difficult to interpret.

We also found annual CRE and ESBL-E incidence 
rates to be higher for female children and infants (most 
>1 month of age) compared with other age groups. We 
suspect that rates of antimicrobial-resistant infections 
were higher among girls in part because of increased 
testing in those populations resulting from a higher 
number of baseline urinary tract infections. The epide-
miology among infants may differ from that among the 
overall pediatric population because of risk factors as-
sociated with infection acquired in neonatal intensive 
care units (35–37), vertical transmission (38,39), and 
higher rates of fecal colonization with antimicrobial-
resistant Enterobacteriaceae (40). Recent evidence high-
lights how the human microbiome undergoes marked 
developmental progression over the first 2 years of life 
(41). Consistent with such a maturation process, Darda 
et al. observed spontaneous decolonization within 12 
months among all neonates colonized with carbape-
nem-resistant gram-negative bacteria (42). Nonethe-
less, even when limited to prenatal and intrapartum 
exposures, antimicrobial drugs can profoundly affect 
the infant microbiome, involving expansion of gram-
negative populations (proteobacteria) and supporting 
our observation of differences in the epidemiology 
among infants (43). A more focused look at that age 
group may be noteworthy for future studies.

Among the several limitations inherent in the use 
of surveillance systems, the case definitions for CRE 
and ESBL-E relied on susceptibility testing performed 
locally, and methods varied across laboratories. In 
addition, automated testing instruments at clinical 
laboratories may be more likely than other test meth-
ods to overdiagnose CRE. Second, data were retro-
spectively abstracted from medical records, and the 
quality of medical record documentation can vary be-
tween healthcare system and facility types, resulting 
in differences in reporting for some data elements. In 
addition, medical records were reviewed for the child 
only, and no maternal information was included in 
chart review, which may have limited identification 
of household risk factors (e.g., international travel by 
family, previously established as a risk factor for CRE 
and ESBL-E). Separately, because ≈97% of the inci-
dent ESBL-E cases from 1 site in 2020 did not have 
a case report form completed, no data beyond the  
clinical laboratory report were available. Third, isolate 
collection represents a convenience sample and may 
not be representative of all cases. In addition, we have  

limited data on STs because not all isolates submit-
ted to CDC were sequenced. Fourth, we acknowledge 
that data for ESBL-E in our study are limited to 1.5 
years and collected from fewer sites than surveillance 
data for CRE. Last, although the surveillance system 
includes geographically diverse catchment areas, it is 
not designed to be representative of the entire US pe-
diatric population.

In summary, we found that CRE infections oc-
curred less frequently than ESBL-E infections among 
US children but were more often associated with 
healthcare risk factors and hospitalization. Despite 
annual and geographic variation in the incidence of 
CRE and ESBL-E, the rate of infection for both patho-
gens was consistently highest among infants. Our 
descriptive data about major antimicrobial-resistant 
pathogens among children support continued infec-
tion prevention and control practices and antimicro-
bial stewardship in pediatric healthcare settings, par-
ticularly for patients in the youngest age group.
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Recognizing the key role early detection plays in 
interrupting further tuberculosis (TB) transmis-

sion, the World Health Organization (WHO) has em-
phasized the need for global investment in that area. 
In line with that objective, the end TB strategy pro-
motes the use of TB symptom and chest radiograph 
screening for active case finding (1).

Chest radiography has been widely used as a di-
agnostic and screening tool for TB (2,3). Currently, the 
impact of chest radiograph screening largely depends 
on its ability to detect patients with clinically appar-
ent TB disease (4–6). Recent understanding of TB 
has revealed a heterogeneous period of pathophysi-
ological transition with a spectrum of early TB states, 
ranging from the time of exposure to Mycobacterium 
tuberculosis to the onset of symptomatic active disease 
(7–10). However, asymptomatic early states of TB 
beyond latent and active disease can be potentially 
unrecognized using current diagnostic or screening 
criteria for TB (11–14).

Accessing chest radiograph screening in low-
resource settings, particularly in low- and middle-
income countries, has been challenging and has hin-
dered early detection of disease. However, WHO 
recommended chest radiography with computer-
aided detection as a screening tool for TB in its 2021 
guidelines (15), holding promise for the early detec-
tion and triage of TB.

In this study, we used data from a longitudinal 
cohort of household contacts of TB patients in Lima, 
Peru, to examine the frequency of baseline abnormal 
chest radiographs (defined as the presence of any 
intrathoracic abnormalities compatible with TB dis-
ease) in adult contacts who were initially classified  
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The World Health Organization’s end TB strategy 
promotes the use of symptom and chest radiograph 
screening for tuberculosis (TB) disease. However, as-
ymptomatic early states of TB beyond latent TB in-
fection and active disease can go unrecognized using 
current screening criteria. We conducted a longitudinal 
cohort study enrolling household contacts initially free 
of TB disease and followed them for the occurrence of 
incident TB over 1 year. Among 1,747 screened con-
tacts, 27 (52%) of the 52 persons in whom TB sub-
sequently developed during follow-up had a baseline 
abnormal radiograph. Of contacts without TB symp-
toms, persons with an abnormal radiograph were at 
higher risk for subsequent TB than persons with an 
unremarkable radiograph (adjusted hazard ratio 15.62 
[95% CI 7.74–31.54]). In young adults, we found a 
strong linear relationship between radiograph severity 
and time to TB diagnosis. Our findings suggest chest 
radiograph screening can extend to detecting early TB 
states, thereby enabling timely intervention.
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as free from TB disease and in whom incident dis-
ease subsequently developed. We further evaluated 
the association between severity of radiograph ab-
normalities and time to occurrence of TB disease. 
Our objective was to assess whether baseline chest 
radiograph screening can identify early TB states 
among asymptomatic household contacts beyond 
active case finding.

Methods

Study Design and Participants
During September 1, 2009–August 29, 2012, we 
conducted a prospective longitudinal cohort study 
of household contacts of index TB patients in 
Lima, encompassing 20 districts and ≈3.3 million 
residents of urban areas and peri-urban, informal 
shantytown settlements. Peru is a middle-income 
country with TB services concentrated in district 
health centers. Chest radiograph was not recom-
mended by Peru’s National TB Program Guidelines 
for community screening during the cohort study 
period. In the parent study, we enrolled 4,500 in-
dex patients >15 years of age with newly diagnosed 
pulmonary TB from 106 district health centers in 
Lima (16). The study was approved by the Institu-
tional Review Board of Harvard School of Public 
Health and the Research Ethics Committee of the 
National Institute of Health of Peru. All study par-
ticipants provided informed consent.

Procedures
In the parent study, health center clinicians diag-
nosed pulmonary TB according to Peru’s National 
TB program guidelines (17), which required >1 of 2 
sputum smears to be positive for acid-fast bacilli by 
Ziehl-Neelsen staining or, in the absence of positive 

sputum smears, a chest radiograph consistent with 
TB. We then visited patient households to enroll all 
household contacts. We gave contacts with no his-
tory of TB infection or disease a tuberculin skin test 
(TST). Health center clinicians made the decision to 
request a baseline radiograph in symptomatic house-
hold contacts. To elucidate why clinicians ordered 
those radiographs, we compared baseline clinical 
characteristics in contacts who received a radiograph 
and those who did not. We screened all enrolled con-
tacts for TB symptoms (cough for >14 days, cough-
ing blood or phlegm, fever, shortness of breath, or 
night sweats). We used a standardized case report 
form to collect symptoms; that information was ob-
tained by Spanish or Quechua speakers in private 
in health clinics or in persons’ homes. Household  
contacts chosen for evaluation by health center clini-
cians provided 2 sputum samples for smear micros-
copy and culture on solid media and were referred 
for a routine work-up that included a chest radio-
graph. Persons who did not receive a TB diagnosis at 
enrollment were then followed for the occurrence of 
TB disease over a 12-month period. Those in whom 
incident disease developed were given TB treatment 
according to Peru’s National TB guidelines (17). We 
collected demographic and health data for each en-
rolled contact consisting of height and weight; previ-
ous TB history; smoking or drinking addiction status; 
and any comorbidity of HIV infection, diabetes, hy-
pertension, cardiovascular disease, kidney disease, or 
asthma. We limited our analysis to persons >15 years 
of age who were TST-positive (Table 1) and who did 
not receive a diagnosis of TB disease within the first 
30 days after enrollment (Figure 1).

Radiograph Evaluation and Study Outcomes
We retrospectively evaluated chest radiographs of 
participants who received a radiograph within 10 
days of enrollment. The digitalized anteroposterior 
films were reevaluated by 3 readers. The first and 
second readers were both senior pulmonologists 
with 10–15 years of experience in TB care and TB-
related radiographic evaluation. The third reader 
was a senior radiologist specializing in TB with 20 
years’ experience in chest radiologic evaluation for 
TB diagnosis. Radiologic findings and scoring were 
assessed following a well-established radiologic 
protocol (4,17–20) (Appendix, https://wwwnc.
cdc.gov/EID/article/30/6/23-1699-App1.pdf). 
That protocol outlines 3 parameters: whether the 
radiograph is abnormal, whether abnormalities are 
suggestive of TB, and the extent of abnormalities 
(Appendix Table 2). The first reader was blinded to 

 
Table 1. Baseline characteristics of adult tuberculin skin test–
positive household contacts of TB patients, Peru* 
Characteristic No. (%) 
Age group. y 

 

 16–24 985 (22) 
 25–44 1,879 (42) 
 >45 1,642 (36) 
 Total 4,506 (100) 
Sex  
 F 2,624 (58) 
 M 1,882 (42) 
BCG-vaccinated 4,070 (90) 
History of TB 1,017 (22) 
HIV-positive 27 (1) 
Diabetes mellitus 131 (3) 
With no TB symptoms 3,610 (80) 
Baseline chest radiograph performed 1,848 (41) 
TB diagnosis received at baseline 252 (6) 
*BCG, Bacillus Calmette–Guérin; TB, tuberculosis. 
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symptoms, TST results, and clinical outcomes. The 
second reader reviewed chest radiographs deemed 
abnormal by the first reader to validate those read-
ings. Discrepant interpretations were resolved by 
a third reader who adjudicated on the basis of the 
protocol. The final scores for each radiograph were 
calculated by averaging the results from the 2 read-
ers. Final decisions were reached by consensus. We 
considered a radiograph to be abnormal at enroll-
ment if any intrathoracic abnormalities were pres-
ent including cavitation, noncavitary lung lesions, 
hilar lymphadenopathy, and pleural disorders (Ap-
pendix). We classified a parenchymal lesion as non-
cavitary if we found patchy or confluent consoli-
dation, ground glass opacity, noncalcified nodules, 

calcified nodules (Ghon focus), diffuse micronod-
ules (miliary pattern), fibrosis, bronchiectasis, col-
lapse (atelectasis), and hyperinflation (18,19). We 
further categorized those abnormal findings as 
TB-suggestive or TB-nonsuggestive (Appendix). 
To grade the extent of abnormalities, we reported 
the percentage of lung affected by any pathologi-
cal abnormality for each of 3 zones (upper, middle, 
and lower) in each lung. We estimated the total 
percentage of lung affected by summing the per-
centages of the 6 zones (0–6) (Appendix) (18). We  
defined the study outcome as incident TB disease 
detected during a 12-month follow-up period in 
participants in whom TB disease had been ruled 
out at baseline.

Figure 1. Flowchart of enrollment 
in study of chest radiograph 
screening for detection of 
subclinical TB in asymptomatic 
household contacts, Peru. CXR, 
chest radiograph; SX–, no 
symptoms; SX+, symptoms; TB, 
tuburculosis; TST–, tuberculin skin 
test negative; TST+, tuberculin 
skin test positive.
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Statistical Analyses

Associations between Baseline Abnormalities and  
Incident TB Disease
We used a Cox proportional hazards model to inves-
tigate the association between baseline chest radio-
graph abnormalities and the occurrence of incident 
TB disease. We categorized participants into 4 groups: 
those with no TB symptoms and normal chest radio-
graph (SX–CXR– group); those with TB symptoms and 
normal radiograph (SX+CXR– group); those with no 
TB symptoms and abnormal radiograph (SX–CXR+ 
group); and those with TB symptoms and abnormal 
radiograph (SX+CXR+ group). We first performed a 
univariate analysis, followed by a multivariate model 
that adjusted for potential confounders: age, sex, al-
cohol use, tobacco use, diabetes, TB history, hyper-
tension, cardiovascular disease, kidney disease, asth-
ma, and body mass index (BMI). We considered that 
older household contacts and those with a history of 
TB might be more likely to have residual abnormali-
ties on radiographs that were unrelated to recent TB 
exposure (21,22). We therefore repeated our analyses 
in 3 age subgroups: persons 16–24 years of age, 25–44 
years of age, and >45 years of age. In a second sensi-
tivity analysis, we restricted our analyses to contacts 
with no known previous TB history.

Association between Severity of Radiograph Abnormality  
and TB Progression Trajectory
We used linear regression to evaluate the association be-
tween the extent of abnormality on baseline radiograph 
and the trajectory of TB progression, indicated by the 
time to the occurrence of TB disease, among household 
contacts in whom incident TB disease developed dur-
ing the 1-year follow-up period. Similar to the process 
discussed previously, we repeated the analyses in 3 age 
groups and among persons with no known previous TB 
history, conducting those analyses separately.

To determine whether consistent baseline radio-
graph readings could serve as an indicator of the risk 
for incident TB, we compared the risk for incident 
TB among household contacts with concordant ver-
sus discordant radiograph readings. We conducted 
an analysis using the Pearson χ2 test to identify any 
association between the risk for incident TB and ra-
diograph concordance. We performed all statistical 
analyses using R version 4.2.2 (The R Foundation for 
Statistical Computing, https://www.r-project.org).

Results
Among 9,166 adult household contacts, 4,506 (49%) 
were TST-positive at baseline; of those, 4,503 (99%) 

underwent symptom screening. Of the 3,610 per-
sons with TB symptoms and 893 without symptoms 
at baseline, 1,489 (41%) persons with symptoms and 
358 (40%) without symptoms underwent a chest 
radiograph at baseline. Those referred for chest ra-
diograph were less likely to be male (37% vs. 45%; 
p = 0.001), HIV-positive (0.4% vs. 0.8%; p = 0.02), 
or have a previous history of TB disease (17% vs. 
26%; p<0.001) (Appendix Table 1). The presence of 
TB symptoms was similar among those referred for 
radiograph and those not referred (19% vs. 20%; p 
= 0.54). Of the 1,847 subjects with a baseline radio-
graph, TB disease developed in 100 (5%) persons 
within 30 days after enrollment; we considered 
those to be coprevalent cases and excluded them 
from analysis (Figure 1).

Associations between Baseline Radiograph  
Abnormalities and Incident TB Disease

Subsequent TB in All Screened Participants
Among the 1,747 persons who were determined to 
be TB-negative at baseline and who had a baseline 
radiograph, 52 (3%) received a diagnosis of inci-
dent TB disease within the next 12 months. Among 
those 52 persons, 25 (48%) of the diagnoses were 
confirmed through microbiological tests and 8% 
through chest radiograph and symptoms; the re-
maining 44% lacked diagnostic information. Of the 
52 persons, 38 (73%) were asymptomatic at baseline 
and 27 (52%) had an abnormal chest radiograph re-
sult at baseline (Appendix Figure 1). Of the 27 with 
abnormal radiographs, 2 (7%) had cavities, 18 (67%) 
had noncavitary parenchymal lesions, 6 (22%) had 
hilar lymphadenopathy, and 4 (15%) had pleu-
ral disorders; 3 (11%) of the 27 radiographs were 
agreed upon by 2 readers to have >1 abnormality. 
(Appendix Table 3, Figure 2). The risk for TB disease 
in those with an abnormal radiograph was higher 
both among those with initial symptoms and those 
without symptoms than for persons with normal 
x-ray and no symptoms at baseline (adjusted haz-
ard ratio [aHR] of SX+CXR– vs. SX–CXR– was 2.24 
[95% CI 0.92–5.74]; aHR of SX–CXR+ vs. SX–CXR– 
was 15.62 [95% CI 7.74–31.54]; aHR of SX+CXR+ 
vs. SX–CXR– was 26.50 [95% CI 9.98–70.36])  
(Table 2; Figure 2). Among the 135 abnormal ra-
diographs evaluated by 2 readers, readers agreed 
on the presence or absence of abnormalities in 133 
(99%) films. The risk for TB disease was higher in 
contacts in whom readers disagreed on the pres-
ence of noncavitary parenchymal lesions (Appen-
dix Table 4).
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Subsequent TB by Age Groups
The risk for incident TB disease fell from 7% in partici-
pants 16–24 years of age to 2% in persons 25–44 years of 
age and 2% in those >45 years of age (Appendix Table 
5, Figure 3). A similar pattern was observed in partici-
pants with an abnormal radiograph at enrollment (Ap-
pendix Table 6, Figure 3). Among participants 16–24 
years of age with abnormal radiographs at baseline, 
incident TB developed in 12 (50%) persons; 9 of those 
(75%) were asymptomatic at enrollment. In contrast, 
among those with an abnormal radiograph, TB devel-
oped in only 6 (13%) of those 25–44 years of age and 9 
(14%) of those >45 years of age; of those, 3 (50%) persons 
25–44 years of age and 8 (89%) persons >45 years of age 
were asymptomatic (Appendix Figure 6). The risk for 
subsequent TB disease was higher in both initially as-
ymptomatic and symptomatic persons of all subgroups 
who had an abnormal baseline radiograph than in per-
sons with a normal radiograph (Table 3; Figure 3).

Subsequent TB in Participants with No TB History
When we restricted our analysis to the 1,440 persons 
with no known TB history, the effect sizes for the as-
sociations between radiograph status and subsequent 
incident TB increased by 30% compared with the anal-
ysis that included adult contacts with a TB history. 
aHRs were 23.11 (95% CI 10.35–51.57) for SX–CXR+ 
versus SX–CXR– and 34.24 (95% CI 9.65–124.54) for 
SX+CXR+ versus SX–CXR– (Table 4).

Associations between Severity of Radiograph  
Abnormality and TB Progression Trajectory
The severity grade of the baseline radiograph was 
not significantly associated with time from enroll-
ment to TB diagnosis (mean difference of −0.002 [95% 
CI –0.005 to 0.001] days; n = 27) among all adults in 
whom incident TB developed (Appendix Figure 5). 
However, we found a strong linear relationship be-
tween the radiograph severity grade and time to 
TB diagnosis among participants 16–24 years of age 

(mean difference of −0.004 [95% CI –0.007 to −0.001]; 
n = 12) but not among older persons (Figure 4). We 
also did not find an association between severity 
grade and time to incident TB among persons with no 
known TB history (mean difference of 0.002 [95% CI 
–0.006 to 0.001]; n = 19) (Appendix Figure 6).

Discussion
In this study, we found that among persons >15 years 
of age who were exposed to TB at home, those who 
were initially deemed TB-free but had an abnormal 
baseline chest radiograph had a 15-fold higher risk 
for incident TB developing during 12 months of 
follow-up than did persons with an unremarkable 
radiograph. That finding was more pronounced in 
household contacts with no TB history and in young-
er participants, who were less likely to have residual 
abnormalities on radiograph from past TB or other 
comorbidities. Our findings remained unaltered in 

 
Table 2. Chest radiograph and symptom screening results and their association with risk for subsequent TB in tuberculin skin test–
positive adults, Peru* 

Result† 
No. household 

contacts 
No. (%) incident 

TB cases  

Univariate analysis 

 

Multivariate analysis‡ 
Hazard ratio (95% CI), 

n = 1,747, events = 52§  p value 
Hazard ratio (95% CI), 

n = 1,630, events = 49§ p value 
CXR–SX– 1,349 18 (1) Referent 

 
 Referent 

 

CXR–SX+ 263 7 (3) 2.01 (0.84–4.82) 0.12  2.24 (0.92–5.47) 0.08 
CXR+SX– 112 20 (18) 14.64 (7.74–27.67) <0.001  15.62(7.74–31.54) <0.001 
CXR+SX+ 23 7 (30) 26.85 (11.21–64.31) <0.001  26.50 (9.98–70.36) <0.001 
*In both analyses, n indicates number of analyzed participants and event indicates number of participants in whom incident TB developed. CXR–, 
unremarkable chest radiograph, CXR+, abnormal chest radiograph; SX–, no symptoms; SX+, symptoms; TB, tuberculosis.  
†Household contacts were categorized into 4 groups by screening results: CXR–SX–, n = 1,349; CXR–SX+, n = 263; CXR+SX–, n = 112; CXR+SX+, n = 
23. Symptoms were defined as any of the following: cough>14 d, cough with blood or phlegm, fever, shortness of breath, night sweats. Abnormal chest 
radiograph was defined as a radiograph with any intra-thorax abnormalities compatible with TB. 
‡Adjusted for age, sex, alcohol use, tobacco use, diabetes, hypertension, cardiovascular disease, kidney disease, asthma, previous TB history, and body 
mass index. HIV-positive participants (n = 4) were excluded. 

 

Figure 2. Associations between chest radiograph and symptom 
screening results and time to incident TB among tuberculin skin 
test–positive adults, Peru. N = 1,747, incident events = 52. CXR–, 
unremarkable chest radiograph; CXR+, abnormal chest radiograph; 
SX–, no symptoms; SX+, symptoms; TB, tuberculosis.
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multivariate models when we further adjusted for 
demographic and clinical variables, as well as history 
of comorbidity. Among young persons with abnor-
mal radiograph who were initially deemed TB-free 
at baseline, incident TB developed in 50% during 
follow-up. The severity grade of radiograph abnor-
malities was a strong indicator of an early-state TB 
trajectory in young persons.

Although numerous investigators have exam-
ined the use of chest radiography in screening for 
clinically apparent TB, few have evaluated whether 
abnormal radiographs could help identify early TB. 
The idea of using chest radiograph examination for 
incipient pulmonary TB was first proposed by Dr. 
Francis Williams, the father of chest radiology in the 

United States, in 1899 (23). Chest radiography for 
mass screening and active case-finding for pulmo-
nary TB was recommended by the New York City 
Health Department in the United States as early as 
the 1920s–1930s (24,25) and was widely implemented 
in industrialized countries in the 1940s–1960s, con-
tributing to the success of TB control in developed 
countries (3,26). However, by the late 1960s, WHO 
no longer recommended active case finding through 
mass radiograph screening for developing coun-
tries because of financial constraints (27). Not until  
2015 was chest radiograph screening re-recommend-
ed by WHO as part of the end TB strategy (1,27). 
Even today, radiograph screening remains inacces-
sible in resource-limited areas in many low- and 

 
Table 3. Chest radiograph and symptom screening results and association with risk for subsequent TB, by age group, Peru* 

Age group, y† 
No. (%) incident 

TB cases  
Univariate analysis 

 
Multivariate analysis 

Hazard ratio (95% CI) p value Hazard ratio (95% CI) p value 
16–24   n = 370, events = 25   n = 360, events = 24‡  
 CXR–SX– 9 (0.3) Referent 

 
 Referent 

 

 CXR–SX+ 4 (7) 2.25 (0.69–7.31) 0.18  2.12(0.59–7.55) 0.25 
 CXR+SX– 9 (50) 20.47 (8.11–51.64) <0.001  19.12 (7.19–50.79) <0.001 
 CXR+SX+ 3 (50) 24.26 (6.53–90.12) <0.001  21.03 (5.12–86.30) <0.001 
25–45   n = 709, events = 13   n = 664, events = 13§  
 CXR–SX– 6 (1) Referent 

 
 Referent 

 

 CXR–SX+ 1 (1) 0.93 (0.11–7.73) 0.95  0.89 (0.11–7.57) 0.92 
 CXR+SX– 3 (8) 8.38 (2.09–33.51) <0.01  8.85 (2.09–37.44) <0.01 
 CXR+SX+ 3 (33) 33.21 (8.29–132.97) <0.001  28.89 (6.07–137.67) <0.001 
>45   n = 668, events = 14   n = 630, events = 14¶  
 CXR–SX– 3 (0.6) Referent 

 
 Referent 

 

 CXR–SX+ 2 (2) 3.23 (0.53–19.32) 0.19  3.01 (0.49–18.44) 0.23 
 CXR+SX– 8 (14) 24.21 (6.42–91.26) <0.001  18.32 (4.37–76.87) <0.001 
 CXR+SX+ 1 (12) 22.98 (2.39–220.96) <0.01  29.22 (2.42–352.91) <0.001 
*In both analyses, n indicates number of analyzed participants and event indicates number of participants in whom incident TB developed. CXR–, 
unremarkable chest radiograph, CXR+, abnormal chest radiograph; SX–, no symptoms; SX+, symptoms; TB, tuberculosis. 
†Symptoms were defined as any of the following: cough >14 d, cough with blood or phlegm, fever, shortness of breath, night sweats. Abnormal chest 
radiograph was defined as a radiograph with any intra-thorax abnormalities compatible with TB. Abnormal CXR was defined as a CXR with any intra-
thorax abnormalities compatible with TB. 
‡Adjusted for sex, cardiovascular disease, kidney disease, asthma, TB history, and body mass index. All persons in this age group were HIV negative. 
§Adjusted for sex, alcohol use, hypertension, kidney disease, asthma, TB history, and body mass index. HIV-positive persons (n = 4) were excluded. 
¶Adjusted for sex, alcohol use, tobacco use, diabetes, hypertension, TB history, and body mass index. All persons in this age group were HIV negative. 

 

Figure 3. Associations between abnormal chest radiographs and time to incident TB among tuberculin skin test–positive adults in 3 
age groups, Peru. A) 16–24-year age group (N = 370, incident events = 25); B) 25–44-year age group (N = 709, incident events = 13); 
C) >45-year age group (N = 668, incident events = 14). CXR–, unremarkable chest radiograph, CXR+, abnormal chest radiograph; 
SX–, no symptoms; SX+, symptoms; TB, tuberculosis.
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middle-income countries. Screening criteria typical-
ly focus on previously underdiagnosed TB disease, 
which is known as the late stage of TB disease (26). 
As a consequence, the very early stage of TB, known 
as subclinical TB, which is characterized by minimal 
or atypical presentations on chest radiograph, could 
still be underrecognized. 

Nonetheless, our findings are consistent with 
several previous studies. In a study conducted in 
Czechoslovakia among a district-level cohort of 7,800 
adults followed during 1961–1964 (28), 44% of per-
sons in whom incident TB developed during follow-
up had a previous abnormal chest radiograph in-
dicating inactive TB or a fibrotic lesion. In a cohort 
study conducted during 1950–1952 in Denmark, 

persons with fibrotic lesions and shadows suspicious 
of TB on chest radiograph had a >10-fold higher an-
nual rate of subsequent TB during the follow-up peri-
od (29). Similarly, in cohort studies conducted in 1988 
among Southeast Asian refugees in Seattle (30) and 
in the early 1980s among recent Asian immigrants 
to northern Canada (31), persons with radiograph 
abnormalities indicative of or interpreted as inactive 
TB had 6-fold higher and 19-fold higher risk for sub-
sequent TB. Those studies demonstrate that different 
types of lesions on baseline radiograph are associ-
ated with varying risks of subsequent TB in different 
mass screening settings. In a 1981 study from Hong 
Kong, 176 smear- and culture-negative adults with 
TB-compatible lesions were monitored for up to 30 

 
Table 4. Chest radiograph and symptom screening results and their association with risk for subsequent TB in adults with no known 
TB history* 

Result† 
No. (%) incident 

TB cases  

Univariate analysis 

 

Multivariate analysis‡ 
Hazard ratio (95% CI), 
n = 1,440, event = 37 p value 

Hazard ratio (95% CI), 
n = 1,347, event = 34 p value 

CXR–SX– 14 (1) Referent 
 

 Referent 
 

CXR–SX+ 4 (3) 1.45 (0.48–4.39) 0.51  1.64 (0.53–5.11) 0.39 
CXR+SX– 15 (21) 19.46 (9.39–40.33) <0.001  23.11 (10.35–51.57) <0.001 
CXR+SX+ 4 (40) 38.53 (12.67–117.18) <0.001  34.24 (9.65–121.54) <0.001 
*In both analyses, n indicates number of analyzed participants and event indicates number of participants in whom incident TB developed. CXR–, 
unremarkable chest radiograph, CXR+, abnormal chest radiograph; SX–, no symptoms; SX+, symptoms; TB, tuberculosis. 
†Symptoms were defined as any of the following: cough>14 d, cough with blood or phlegm, fever, shortness of breath, night sweats. Abnormal chest 
radiograph was defined as a radiograph with any intra-thorax abnormalities compatible with TB. Abnormal CXR was defined as a CXR with any intra-
thorax abnormalities compatible with TB. 
‡Adjusted for age, sex, alcohol use, tobacco use, diabetes, hypertension, cardiovascular disease, kidney disease, asthma, TB history and BMI. HIV-
positive persons (n = 3) were excluded. 

 

Figure 4. Association between degree of baseline chest radiograph severity and time to developing incident TB among persons 
with abnormal radiograph findings by age group, Peru. Gray shading indicates 95% CIs. A) 16–24-year age group (n = 12). Mean 
difference −0.004 (95% CI −0.007 to −0.001); p<0.001, ρ = −0.71; B) 25–44-year age group (n = 6). Mean difference −0.0002 (95%  
CI −0.015 to 0.015); p = 0.96, ρ = −0.025; C) >45-year age group (n = 9). Mean difference 0.0006 (95% CI −0.004 to 0.005); p = 0.73,  
ρ = 0.14. ρ, Pearson correlation coefficient.
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months (32). Of those, TB was eventually diagnosed 
in 30%; most cases occurred within the first 12 months 
of follow-up. Similarly, a 1985 study conducted in 
South Africa found that among 152 TST-positive gold 
miners with evolving apical lung lesions on baseline 
radiograph who were smear- and culture-negative, 
bacteriologically confirmed pulmonary TB developed 
in 58% during a 58-month follow-up period (33). In a 
recent systematic review and meta-analysis of studies 
of 34 cohorts observed in the prechemotherapy era of 
persons with untreated TB who underwent follow-
up, progression from microbiologically negative to 
positive disease was observed at an annualized rate 
of 10% in those with initial radiographs suggestive of 
active TB and at a rate of 1% in those initially sugges-
tive of inactive TB (12). Although the incidence rate in 
this systemic review is lower than in our study, only 1 
of the studies cited previously focused on a cohort of 
household contacts with known exposure to TB. The 
higher incidence in our study might be because we 
did not require microbiological confirmation to clas-
sify incident disease.

The finding that chest radiography might help 
identify pathological changes before the onset of TB 
symptoms aligns with recent evidence from South 
Africa. Esmail et al. (34) followed 250 HIV-negative 
adults exposed to TB at home for >4.7 years. Among 
14 persons in whom active disease developed dur-
ing follow-up, 6 exhibited baseline abnormalities on 
computed tomography/positron emission tomogra-
phy (34). The TB research community now widely 
acknowledges that TB follows a dynamic continuum, 
encompassing TB infection, asymptomatic incipient 
or subclinical TB, and symptomatic clinically mani-
fested disease (7–10). A 1982 study by the Interna-
tional Union Against Tuberculosis Committee on 
Prophylaxis revealed that among 28,000 adults with 
radiograph-identified fibrotic pulmonary lesions 
compatible with TB, a 24-week regimen of isoniazid 
preventive treatment decreased tuberculosis inci-
dence by 65% compared with the placebo group over 
a 5-year follow-up period (35). Those findings sug-
gest that lung changes can be observed in the asymp-
tomatic phase of TB. Given that the cost of computed 
tomography/positron emission tomography makes it 
impractical for many screening programs, radiogra-
phy could play a pivotal role in early TB detection, 
enabling early interventions such as close follow-up, 
preventive therapy, or full-dose combination therapy 
in populations at risk.

Our study revealed that young persons 16–24 
years of age with abnormal baseline chest radiograph 
had a 3-fold higher risk for TB than older adults with 

abnormal radiograph. The observed association be-
tween the severity of baseline radiograph abnormali-
ties and the trajectory of early TB disease within this 
young age group further supports the notion that an 
abnormal radiograph might serve as an indicator of 
undiagnosed or subclinical TB in this specific popula-
tion, whereas older adults are more likely to have ab-
normal radiographs caused by non-TB lung diseases. 
That notion is supported by 2 cross-sectional stud-
ies conducted in Malawi during 2018–2020 (36) and 
the 2016 Kenya national TB prevalence survey (37). 
Both those studies reported a high prevalence of non-
TB abnormalities on chest radiographs among older 
adults, with the proportion increasing with age.

The first limitation of this study is that only 40% 
of TST-positive adults received a baseline radiograph 
independent of symptoms; the decision to request a 
radiograph was made by local health center clinicians. 
Second, we lacked lateral positioning radiographs, 
which might have led to misclassifications of abnor-
malities. Third, readings were initially blinded for the 
first reader, and only abnormal radiographs were sub-
sequently validated by a second reader who was not 
blinded. Therefore, misclassification of findings could 
have occurred. The fact that the second reader only 
read the films initially deemed to be abnormal and was 
not blinded to this classification might have resulted in 
overidentifying abnormalities in keeping with the first 
reader’s interpretations, leading to inflated measures 
of inter-rater agreement and consequently overesti-
mating the effect size of the association between abnor-
malities and subsequent TB disease. Because the radio-
graphs initially read as unremarkable were not read by 
a second reader, some of those might have been clas-
sified as abnormal if all radiographs had been read. 
Fourth, the relatively high prevalence of previous TB 
history among household contacts raises the possibil-
ity that some abnormal baseline radiographs were a 
result of inadequately treated previous TB or residual, 
minimally active TB. We did not have previous treat-
ment or drug sensitivity information for those contacts 
and so cannot rule out the possibility that a history of 
TB might contribute to the elevated risk for incident TB 
among those persons. However, we also observed that 
persons with TB history were less likely to undergo 
baseline examinations. Moreover, when we excluded 
those with TB history from the 1,747 contacts who un-
derwent radiograph screening, we found that the effect 
size increased by 30%. Finally, health center clinicians 
were expected to follow the clinical diagnosis guide-
lines outlined by Peru’s National TB Program, but dif-
ferent clinicians might have applied varying criteria  
for TB diagnosis. The absence of a standardized set of 
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criteria for TB diagnosis might have resulted in nondif-
ferential misclassification, potentially influencing the 
results toward a null effect.

Overall, our study revealed a significant associa-
tion between abnormal baseline chest radiograph re-
sults and subsequent diagnosis of TB among asymp-
tomatic adults with recent TB exposure. The severity 
of baseline radiograph results also reflected the early 
TB progression trajectory. Our findings strongly sup-
port the wide use of chest radiography with com-
puter-aided detection as a screening tool in exposed 
adults and prompt the development of accurate cri-
teria and algorithms for human and artificial intel-
ligence readers to effectively identify early TB states 
beyond active TB disease, leading to timely interven-
tion and proper management.
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Chinese sturgeons (Acipenser sinensis) are large mi-
gratory fish that are native to the Yangtze River 

and coastal areas of China (1). However, human ac-
tivities (e.g., water-related engineering projects, fish-
ing, pollution, and shipping) have degraded or de-
stroyed much of the Chinese sturgeon natural habitat 
(2–4), limiting the suitable area for their reproduction 
(5) and resulting in a sharp decrease in natural popu-
lation. Consequently, the Chinese sturgeon has been 

designated as a first-class protected animal in China 
(2). Since 2012, the Yangtze River Fisheries Research 
Institute has been conducting artificial breeding of 
Chinese sturgeons (1), establishing an artificial popu-
lation, which is relevant to implementing large-scale 
reproduction and release activities of Chinese stur-
geons and continuation of the species. However, arti-
ficial breeding poses some challenges to species pres-
ervation because of degradation of genetic resources, 
intensive cultivation practices, and the imbalance in 
nutritional requirements. Disease resistance among 
artificially reared Chinese sturgeons is low, and the 
fish are highly susceptible to pathogenic microorgan-
isms such as Aeromonas (6), Mycobacterium (7), and 
Pseudomonas (8). Infections frequently result in large-
scale mortality of Chinese sturgeons, imposing obsta-
cles to their conservation.

In October 2022, a farm in Hubei, China, experi-
enced a mass mortality event among artificially bred 
Chinese sturgeon offspring. To investigate the cause, 
we used pathogen isolation, pathology assessment, 
artificial infection, drug sensitivity testing, and bacte-
rial whole-genome analysis.

All animal experiments were approved and con-
ducted in compliance with the experimental practices 
and standards developed by the Animal Welfare and 
Research Ethics Committee of Yangtze River Fisher-
ies Research Institute (YFI2022YYB019). The animals 
used in this study were derived from commercial 
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During October 2022, enteric redmouth disease (ERM) 
affected Chinese sturgeons at a farm in Hubei, China, 
causing mass mortality. Affected fish exhibited charac-
teristic red mouth and intestinal inflammation. Investi-
gation led to isolation of a prominent bacterial strain, 
zhx1, from the internal organs and intestines of affected 
fish. Artificial infection experiments confirmed the role of 
zhx1 as the pathogen responsible for the deaths. The 
primary pathologic manifestations consisted of degen-
eration, necrosis, and inflammatory reactions, resulting 
in multiple organ dysfunction and death. Whole-genome 
sequencing of the bacteria identified zhx1 as Yersinia 
ruckeri, which possesses 135 drug-resistance genes 
and 443 virulence factor-related genes. Drug-suscep-
tibility testing of zhx1 demonstrated high sensitivity to 
chloramphenicol and florfenicol but varying degrees of 
resistance to 18 other antimicrobial drugs. Identifying 
the pathogenic bacteria associated with ERM in Chi-
nese sturgeons establishes a theoretical foundation for 
the effective prevention and control of this disease.
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sources, and owners’ consent was not required. All 
surviving fish continue to be cultured in the laborato-
ry in accordance with standard breeding procedures.

Materials and Methods

Fish
We collected Chinese sturgeons displaying clinical 
signs and transported them to our laboratory (Yang-
tze River Fisheries Research Institute, Chinese Acad-
emy of Fishery Sciences, Wuhan, China) for disease 
diagnosis and isolation of pathogens. For infection 
experiments, we obtained healthy hybrid sturgeons 
(Acipenser baeri [male] × Acipenser schrenckii [female]) 
from farms without any history of such diseases. The 
hybrid sturgeons selected were energetic, showed no 
visible scars, and weighed 100 ±10 g. The hybrid stur-
geons were temporarily housed in buckets for 7 days 
to confirm their health before infection testing.

Pathogen Confirmation
We investigated the breeding environment and wa-
ter source of the Chinese sturgeon farm to determine 
the temperature and water quality conditions dur-
ing the onset of disease as well as the disease his-
tory and drug use at the farm. To identify the key 
characteristics of the disease, we examined the body 
surface and anatomy of Chinese sturgeons display-
ing typical signs and those in critical condition. Fish 
showing typical signs were brought back to the labo-
ratory, where we examined the internal organs and 
gills under an optical microscope to look for para-
sites and fungi (9).

Initially, we anesthetized the Chinese sturgeons 
and placed them on ice and disinfected their entire 
body with 75% ethanol. Using an inoculation ring, we 
sampled blood, kidneys, and intestines of each fish 
and inoculated the samples onto brain–heart infu-
sion agar plates, incubated at 28°C for 24 hours. We 
selected the dominant strain on the plate for further 
purification, resulting in a dominant strain temporar-
ily named zhx1. To preserve the purified strain, we 
added 15% glycerol, mixed well, and then stored it at 
–80°C for future use (10,11).

We fixed intestines, spleen, liver, kidneys, and 
gills of the Chinese sturgeons that had displayed 
clinical signs with 10% neutral formalin fixative. We 
then prepared slides of the tissues and performed 
histologic examination according to standard meth-
ods (12,13). We inoculated the isolated strain zhx1 
onto brain–heart infusion agar plates and cultured 
them at 28°C for 18 hours. We then washed the bac-
terial moss with sterile phosphate-buffered saline 

(PBS) and adjusted the bacterial suspension to dif-
ferent concentrations.

For the experiment with healthy fish, we random-
ly divided 150 healthy hybrid sturgeons into 5 group 
of 30 each: A, B, C, D, and E. Each sturgeon in groups 
A–D was injected with 0.1 mL of bacterial suspension 
at the base of the ventral fin, at concentrations of 109 
CFU/mL for group A, 108 CFU/mL for group B, 107 
CFU/mL for group C, and 106 CFU/mL for group D. 
The sturgeons in the control group (group E) were in-
jected with an equal dose of sterile PBS at the same 
site. During the experiment, the fish were not fed, dis-
solved oxygen was maintained between 7.5 and 8.5 
mg/L, the water temperature was controlled at 21°C 
to 22°C, and the fully aerated tap water was changed 
daily. We collected visceral tissues of dying sturgeons 
for bacterial isolation and purification and monitored 
the condition of the experimental hybrid sturgeons 
until deaths ceased. We recorded our observations of 
the experimental sturgeons daily and calculated the 
mortality rate.

Antimicrobial Susceptibility of the Pathogen
We analyzed drug sensitivity of the zhx1 isolate by us-
ing the disk-diffusion method according to the Clini-
cal and Laboratory Standards Institute antimicrobial 
drug sensitivity experimental standard (14). We inoc-
ulated the zhx1 isolate into brain–heart infusion and 
maintained the culture at 28°C with constant tem-
perature oscillation (200 r/min) for 24 hours. Subse-
quently, we diluted the bacterial suspension with PBS 
to a concentration of 107 CFU/mL. Next, we spread 
100 μL of the bacterial suspension onto Mueller-Hin-
ton agar plates, placed the drug-sensitive disks on the 
plates, incubated them at 28°C for 24 hours, and mea-
sured the diameter of the inhibition rings.

Whole-Genome Sequencing
We extracted genomic DNA from bacterial cultures of 
zhx1 in brain–heart infusion by using a genomic DNA 
extraction kit (TaKaRa, https://www.takarabiomed.
com). We used the PacBio Sequel platform (https://
www.pacb.com) to sequence the entire genome. We 
used the hierarchical genome-assembly process ver-
sion 2.3.0, single-molecular real-time analysis, for 
read assembly (15). We conducted predictions of cod-
ing DNA sequences by using Glimmer 3.02 (16). We 
generated the circular map of the genome by using 
Circos version 0.64 (17) and predicted genome islands 
by using the IslandPath-DIOMB genomic island pre-
diction method (18). We predicted transfer RNA by 
using tRNAscan-Sev1.3.1 and ribosomal RNA by us-
ing Barrnap 0.7 software (19). We identified clusters 
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of regularly interspaced short palindromic repeats 
by using MinCED (20). We performed functional an-
notation through a BLASTP search (BLAST 2.2.28+, 
https://blast.ncbi.nlm.nih.gov/Blast.cgi) against the 
National Center for Biotechnology Information non-
redundant database, gene database, string database, 
and gene ontology (GO) database. Protein function 
classifications were based on clustering of protein 
homology group (clusters of orthologous genes) an-
notations by using the string database and BLASTP 
comparisons (21). We compared predicted genes 
with the Kyoto Encyclopedia of Genes and Genomes 
database by using the BLAST algorithm to identify 
corresponding genes involved in specific biologic 
pathways, based on the Kyoto Encyclopedia of Genes 
and Genomes orthogonal number obtained from the 

comparison (22). GO annotations were performed by 
using Blast2GO.

Results
We identified pathologic changes in the intestines, 
spleen, liver, kidneys, and gills of infected Chi-
nese sturgeons (Figure 1). Laboratory examination 
under microscopy did not reveal any parasitic or 
fungal infections. However, after bacteriological 
study, we isolated and identified a dominant bacte-
rial strain, zhx.

During the artificial infection and pathogenicity 
study, hybrid sturgeons in the experimental groups 
exhibited varying degrees of mortality (Figure 2). The 
mortality rate in groups A and B reached 100%, and 
the fish displayed signs similar to those that occur with 

Figure 1. Pathologic changes in artificially bred Chinese sturgeon offspring infected with Yersinia ruckeri, China, 2022. A) Intestinal 
tissue showing mass intestinal villus necrosis and disordered structure; a large amount of mucosal epithelial cell necrosis and shedding 
(black arrow); extensive intestinal gland necrosis and connective tissue hyperplasia, with multiple lymphocyte infiltration (blue arrow); 
thick muscularis propria layer with small amount of connective tissue hyperplasia and small amount of lymphocyte infiltration (green 
arrow). B) Spleen tissue showing no obvious white pulp and unclear boundary between red pulp and white pulp; large area of red 
pulp congestion (black arrow); excessive lymphocyte necrosis and nuclear fragmentation (blue arrow); large number of lymphocytes 
with ballooning degeneration and vacuolization of the cytoplasm (green arrow); excessive infiltration of neutrophils (yellow arrows). C) 
Liver tissue showing diffuse balloon-like cell degeneration with vacuolization of cytoplasm (black arrow), dilation of liver sinuses, and 
irregular cell arrangement; multiple necrotic foci with a small amount of liver cell necrosis, nuclear lysis, and enhanced eosinophilia 
(blue arrow); small amount of focal infiltration of lymphocytes around the central vein (green arrow). D) Renal tissue showing diffuse 
watery degeneration of renal tubular epithelial cells with loose cytoplasm and light staining (black arrow) and loose arrangement of 
renal tubules; renal tubular epithelial cell necrosis, nuclear fragmentation (blue arrow), renal tubular structure disorder, accompanied by 
a small amount of lymphocyte infiltration (yellow arrow); excessive glomerular dilation with eosinophilic substances visible in the renal 
capsule (green arrow), cell necrosis and dissolution in the lumen, and disappearance of capillary loop structure (red arrow). E) Gill tissue 
showing small necrotic and detached pieces (black arrow) accompanied by a small amount of lymphocyte infiltration (blue arrow).



RESEARCH

1128 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 6, June 2024

natural onset (e.g., red mouth and enteritis), but red 
mouth appeared very late. In contrast, we observed no 
disease or death among fish in control group E. The 
same bacteria with morphologic characteristics similar 
to zhx1 were isolated from the dying hybrid sturgeons, 
and subsequent identification confirmed the bacteria 
to be the same: zhx1. The infection experiment fol-
lowed Koch’s postulates, indicating that zhx1 was the 
pathogenic bacteria causing Chinese sturgeon disease.

Pathogen Confirmation
A phylogenetic tree based on bacterial whole-ge-
nome sequencing results (Figure 3, panel A) re-
vealed clustering of zhx1 with Y. ruckeri, confirm-
ing that the isolated strain zhx1 is Y. ruckeri. The 
whole genome of zhx1 consists of a circular chro-
mosome spanning 3,772,850 bp with an average 
guanine-cytosine content of 47.61% (Figure 3, panel 
B). Genome DNA sequencing generated 855,183 
reads totaling 8,513,300,630 bp; sequencing depth 
was 1990×, and coverage rate was 100%. We iden-
tified 3,475 coding sequence genes, 22 ribosomal 
RNA genes, and 80 transfer RNA genes. Using the 
genomic island prediction method, we found 8 pu-
tative genomic islands in zhx1. In zhx1, we also 
identified 2 clustered regularly interspaced short 
palindromic repeats containing multiple short and 
repetitive sequences, 21-47–bp long. The sequenc-
ing reads are available in the National Center for 
Biotechnology Information Sequence Read Archive 
database (accession no. PRJNA1007872). 

The zhx1 genome consisted of 443 virulence 
factor-related genes (e.g., which affect hemolysin,  
flagella, enterobactin, and outer membrane protein 
A), 135 drug-resistance-related genes (e.g., which af-
fect macrolide, fluoroquinolones, aminoglycosides, 
cephalosporins, tetracyclines, and phenicol), 109 car-
bohydrate enzyme-associated genes, and 514 host–
pathogen interaction–associated genes.

Figure 2. Survival rates for Chinese sturgeon experimentally 
inoculated with Yersinia ruckeri strain zhx1 isolated from artificially 
bred Chinese sturgeon offspring, China, 2022. Fish were injected 
with 0.1 mL of bacterial suspension at the base of the ventral fin 
at concentrations of 108 (group A), 107 (group B), 106 (group C), or 
105 CFU/mL (group D) or with 0.1 mL phosphate-buffered saline 
as control (group E).

Figure 3. Genome characteristics of Yersinia ruckeri strain zhx1 isolated from artificially bred Chinese sturgeon offspring, China. A) 
Phylogenetic tree based on the whole genome of zhx1 and other pathogenic bacteria. B) Genome map of zhx1. The distribution of the 
circle from the outside indicates the genome size, forward coding DNA sequence (CDS), reverse CDS, repeat sequence, transfer RNA 
(black), ribosomal RNA (blue), and guanine-cytosine (GC) ratio. Colors indicate regions where the GC ratio is higher than average (red) 
and lower than average (green), and GC skewed either positive (red) or negative (green).
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Pathogen Antimicrobial Susceptibility
We determined the sensitivity of the zhx1 isolate to 
20 antimicrobial agents. zhx1 was highly sensitive to 
chloramphenicol and florfenicol and exhibited vary-
ing degrees of resistance to other drugs, especially 
those commonly used in aquaculture (e.g., doxycy-
cline, neomycin) (Table 1).

Discussion
Chinese sturgeon farms have been experiencing 
disease outbreaks of enteric redmouth disease 
(ERM) for many years; incidence rates are high. In 
some ponds, the incidence rate has reached 80% 
and the mortality rate 50%. The disease is observed 
in sturgeons weighing 1–2 kg, with no noticeable 
individual differences. Disease onset occurs at wa-
ter temperature <22°C. Diseased Chinese sturgeons 
exhibit signs such as red mouth and severe enteritis 
(Figure 4).

Y. ruckeri is classified as family Enterobacteriaceae, 
genus Yersinia, and is the pathogen responsible for 
ERM in cold-water salmonid fish (23,24). ERM was 
first detected in rainbow trout in the United States 
in 1952; subsequently, the pathogen was isolated 
from infected rainbow trout by Ross et al. in 1965 
(23). During the 1970s and 1980s, Y. ruckeri spread 

from the United States to Europe, primarily between 
the United Kingdom and the European continent, 
infecting wild and farmed salmon in freshwater and 
seawater (25,26). However, since ERM was initially 
reported, its host range and geographic distribution 
have gradually expanded. Of note, channel catfish 
(Ictalurus punctatus) have become a major target of Y. 
ruckeri infection, especially in China (27,28), result-
ing in considerable economic losses for the global 
aquaculture industry.

Although local fish farmers have noted ERM 
in Chinese sturgeons in the past, infections with Y. 
ruckeri were not investigated or reported, but Sha-
owu et al. reported it in Amur sturgeons (Acipenser 
schrencki) (29). In various species of infected fish, the 
main clinical signs of ERM are subcutaneous hemor-
rhage around the mouth, varying degrees of hemor-
rhage in multiple visceral organs, intestinal inflam-
mation accompanied by yellow mucus, and similar 
signs (24,28). In our study, the diseased Chinese stur-
geons showed clinical signs and pathologic changes 
consistent with signs characteristic of ERM (24,28). 
Disease coincided with water temperatures <22°C, 
consistent with the environmental requirements of 
Y. ruckeri (30). Furthermore, our histopathologic re-
sults confirmed that the disease in Chinese sturgeons 

 
Table. Antimicrobial susceptibility of Yersinia ruckeri strain zhx1 causing enteric redmouth disease in Chinese sturgeon, China, 2022* 

Drug 

Approximate judgment standard of inhibition 
zone, diameter, mm 

Dose, μg 

Inhibition zone diameter, 
mm, mean ± SD 
(susceptibility) R I S 

β-lactams      
 Penicillin <17 18–20 >21 10 0 (R) 
 Amoxicillin <13 14–17 >18 20 0 (R) 
Cephalosporins      
 Ceftizoxime <14 15–19 >20 30 0 (R) 
 Cefradine <14 15–17 >18 30 0 (R) 
 Cefotaxime <14 15–22 >23 30 0 (R) 
Aminoglycosides      
 Gentamicin <12 13–14 >15 10 10.50 ± 0.50 (R) 
 Streptomycin <11 12–14 >15 10 0 (R) 
 Netilmicin <12 13–14 >15 30 9.00 ± 0.71(R) 
 Kanamycin <13 14–17 >18 30 11.00 ± 1.41 (R) 
 Tobramycin <12 13–14 >15 10 12.75 ± 0.83 (I) 
 Neomycin† <12 13–16 >17 30 13.50 ±1.12 (I) 
Macrolides      
 Azithromycin <13 14–17 >18 15 9.75 ± 1.09 (R) 
 Erythromycin <13 14–22 >23 15 12.25 ± 0.83 (R) 
Tetracyclines      
 Tetracycline <18 19–22 >23 30 18.00 ± 1.58 (I) 
 Doxycycline† <12 13–15 >16 30 14.25 ± 1.48 (I) 
Quinolones      
 Enoxacin <14 15–17 >18 10 14.75 ± 1.64 (I) 
 Norfloxacin <12 13–16 >17 10 15.50 ± 1.12 (I) 
Amphenicols      
 Chloramphenicol <12 13–17 >18 300 22.75 ± 0.83 (S) 
 Florfenicol† <12 13–17 >18 75 20.75 ± 1.30 (S) 
Sulfonamides      
 Sulfisoxazole <12 13–16 >17 300 11.25 ± 0.43 (R) 
*I, intermediately sensitive; R, resistant; S, sensitive. 
†Veterinary antibiotics used in aquaculture. 
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followed the general pattern of Y. ruckeri infection 
(i.e., the pathogen invades the body through the 
circulatory system after entering either the gills or  
intestine) (28). Our results indicate expanded host 
range of Y. ruckeri infection. Other research has isolat-
ed Y. ruckeri pathogens from human infected wounds, 
suggesting its potential as a pathogenic bacterium for 
humans and other animals (31) and raising concerns 
regarding public health.

As first-class protected animals in China, Chinese 
sturgeons have been endangered, and their protec-
tion is of great value (1). The large-scale mortality 
caused by the infection of Y. ruckeri in Chinese stur-
geons poses a threat to survival of the species, which 
may be catastrophic for the fish, creating significant 
challenges for species protection. Current prevention 
and control of bacterial diseases in fish rely mainly 
on antibacterial drugs (32). However, antibacterial 
drug use has resulted in bacterial drug resistance, 
which has induced numerous problems and garnered 
more attention (33). Our results indicate that zhx1 is 

a strain of severely drug-resistant Y. ruckeri bacteria. 
Genomewide analysis also revealed the presence of 
133 drug-resistant genes in the chromosomal region 
of zhx1 (e.g., affecting macrolides, fluoroquinolones, 
aminoglycosides, cephalosporins, tetracyclines, and 
phenicol). However, carrying drug-resistance genes 
did not necessarily result in corresponding drug-
resistant phenotypes (34). For example, zhx1 carried 
phenicol-resistant genes but demonstrated high sen-
sitivity to chloramphenicol. Therefore, the mecha-
nism of bacterial drug resistance is complex (35).

In conclusion, our findings contribute valuable 
insight for promoting healthy breeding, preventing 
disease, and protecting Chinese sturgeons. Selecting 
appropriate antimicrobial agents for treating ERM in 
Chinese sturgeons is challenging. Thus, the preferred 
approach has become using vaccines to prevent 
ERM. The formalin-inactivated vaccine of Y. ruck-
eri has shown promising results for preventing and 
treating salmonid fish diseases (36). Consequently,  
vaccination has become a practical method for  

Figure 4. Clinical signs of Chinese sturgeons infected with Yersinia ruckeri, China. A–C) Naturally infected artificially bred Chinese 
sturgeon offspring: A) back; B) anal redness and swelling, red mouth; C) severe intestinal inflammation. D) Fish experimentally infected 
with Y. ruckeri.
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preventing Y. ruckeri disease in fish (37). However, in 
China, because of strict restrictions on the use of bio-
logical products and rigorous reviews, no Y. ruckeri  
vaccine is currently available, which brings about 
substantial difficulties for prevention and control of 
ERM in Chinese sturgeons and becomes a bottleneck 
problem for protecting the species. Therefore, in-
depth research on the mechanism of ERM in Chinese 
sturgeons focuses on the development of an inacti-
vated vaccine against Y. ruckeri, and breakthroughs 
in administrative approval are crucial. Those actions 
will help overcome challenges associated with the 
prevention and control of ERM in Chinese sturgeons, 
safeguard the Chinese sturgeon species, and contrib-
ute to biodiversity.
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Sporadic outbreaks of influenza A virus (IAV) infec-
tions have been reported in pinnipeds in the United 

States and Europe, most commonly in harbor (Phoca vi-
tulina) and gray (Halichoerus grypus) seals (1–3). Charac-
terization of the IAV-associated subtypes has suggested 
an avian-variant origin, thought to occur through cross-

species transmission or spillover from wild aquatic 
birds (4,5). The reported IAV outbreaks in pinnipeds 
have mainly caused fatal respiratory diseases (6,7). 
Harbor seals seem to be particularly susceptible to IAV 
infections, and factors such as close contact with wild 
birds and mammalian adaptations of the virus subtypes 
have been suggested as drivers in establishing a poten-
tial reservoir of IAV in marine mammals (5,8).

Although epidemics of IAV have been reported 
since the late 1970s in seals on the North American 
Atlantic coast, fatal influenza virus infections have 
not been documented in marine mammals from the 
St. Lawrence Estuary and Gulf, Quebec, Canada. 
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We describe an unusual mortality event caused by 
a highly pathogenic avian influenza (HPAI) A(H5N1) 
virus clade 2.3.4.4b involving harbor (Phoca vitu-
lina) and gray (Halichoerus grypus) seals in the St. 
Lawrence Estuary, Quebec, Canada, in 2022. Fifteen 
(56%) of the seals submitted for necropsy were con-
sidered to be fatally infected by HPAI H5N1 contain-
ing fully Eurasian or Eurasian/North American ge-
nome constellations. Concurrently, presence of large 
numbers of bird carcasses infected with HPAI H5N1 
at seal haul-out sites most likely contributed to the 
spillover of infection to the seals. Histologic changes 
included meningoencephalitis (100%), fibrinosup-
purative alveolitis, and multiorgan acute necrotizing 
inflammation. This report of fatal HPAI H5N1 infec-
tion in pinnipeds in Canada raises concerns about 
the expanding host of this virus, the potential for 
the establishment of a marine mammal reservoir, 
and the public health risks associated with spillover  
to mammals.

Nous décrivons un événement de mortalité inhabitu-
elle causé par un virus de l’influenza aviaire hautement 
pathogène A(H5N1) clade 2.3.4.4b chez des phoques 
communs (Phoca vitulina) et gris (Halichoerus grypus) 
dans l’estuaire du Saint-Laurent au Québec, Cana-
da, en 2022. Quinze (56%) des phoques soumis pour 
nécropsie ont été considérés comme étant fatalement 
infectés par le virus H5N1 de lignées eurasiennes ou 
de réassortiment eurasiennes/nord-américaines. Un 
grand nombre simultané de carcasses d’oiseaux infec-
tés par le H5N1 sur les sites d’échouement a probable-
ment contribué à la contamination de ces phoques. Les 
changements histologiques associés à cette infection 
incluaien: méningo-encéphalite (100%), alvéolite fibrino-
suppurée et inflammation nécrosante aiguë multi-orga-
nique. Cette documentation soulève des préoccupations 
quant à l’émergence de virus mortels, à la possibilité 
d’établissement de réservoirs chez les mammifères 
marins, et aux risques pour la santé publique associés 
aux propagations du virus chez les mammifères.

1Preliminary results from this study were presented at the 
International Association for Aquatic Animal Medicine Conference, 
May 24, 2023, Salt Lake City, Utah, USA.
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Moreover, despite the documented high seropreva-
lence of influenza virus A and B in Canada seal popu-
lations (9), seal deaths caused by an influenza infec-
tion were initially reported in Canada when a novel 
low-pathogenicity avian IAV (H10N7) caused fatal 
bronchointerstitial pneumonia in a harbor seal in Brit-
ish Columbia (10). 

A wild gull found dead in eastern Canada in No-
vember 2021 was confirmed to be infected by HPAI 
H5N1 clade 2.3.4.4b A/goose/Guangdong/1/1996 
(Gs/GD) lineage (11). That novel virus subtype was 
likely introduced by wild birds that carried it across 
the Atlantic Ocean through pelagic routes or during 
direct winter migration (11). The virus spread rapid-
ly across North America and reassorted with North 
American lineage IAVs, causing unprecedented out-
breaks in many species of wild birds and commercial 
and backyard poultry flocks and spillover to several 
species of wild terrestrial mammals (12–16).

During summer 2022, deaths of harbor and gray 
seals caused by H5N1 clade 2.3.4.4b virus infection 
were confirmed in eastern Quebec and on the coast of 
Maine, USA, prompting the US National Oceanic and 
Atmospheric Administration to declare an unusual 
mortality event for Maine harbor and gray seals (17). 
HPAI infections have also recently been reported as 
the cause of death of harbor seals in the North Sea 
(H5N8 virus) (18), gray seals in the Baltic Sea (H5N8 
virus) (19), South American sea lions (Otaria flave-
scens) in Peru (20) and Chile (21), and other marine 
mammals in Peru (22). Given the emergence of this 
virus in marine mammals in the St. Lawrence Estuary 
and public health concerns associated with mamma-
lian spillover of avian IAV, we aimed to describe the 
2022 outbreak of HPAI H5N1 affecting pinniped spe-
cies, emphasizing epidemiologic data and pathology 
findings.

Material and Methods

Stranding Data Analysis
We obtained stranding data from the archives of the 
Quebec Marine Mammal Emergency Response Net-
work, which monitors mortality and morbidity of 
marine mammals in the St. Lawrence River, Estuary 
and Gulf (48°23′N, 69°07′W). We compared the num-
ber of stranded (dead, ill, or injured) harbor seals, 
gray seals, and seals of unspecified species during the 
second and third quarters of 2022 (April 1–Septem-
ber 30) with the average of the 10 previous years for 
the same period using a 1-sample t-test. We evaluated 
goodness-of-fit of the stranding distribution of 2012 
to 2021 with a Shapiro-Wilk test for both groups of 

seals. We considered distribution normal if p>0.05. 
We combined seals of unidentified species with har-
bor seals for this comparison to control for the differ-
ences in species identification rates in 2022 compared 
with previous years (data not shown).

Postmortem Examination
We based our selection of carcasses to be examined 
on the state of decomposition (23) and field access. 
All carcasses were submitted frozen and, after thaw-
ing, were examined by veterinary pathologists with 
experience in marine mammal pathology. Animals 
were classified into 2 age groups, <1 year old or adult, 
on the basis of total length (24). Animals with no evi-
dence of muscular or fat depletion were considered 
to be in good nutritional condition. Tissue samples of 
major organs (lung, heart, kidney, brain, intestines, 
lymph nodes, liver, spleen, pancreas, tongue, adrenal 
gland, esophagus, bladder, stomach, thyroid gland, 
mammary gland, and thymus) were processed for 
histopathologic evaluation by light microscopy using 
standard laboratory procedures. For each necropsy 
case, separate nasal and rectal swab samples were 
collected using a sterile polyester-tipped plastic ap-
plicator (UltiDent Scientific, https://www.ultident.
com) placed in UT medium (Micronostyx, https://
micronostyx.com). In addition, rectal and nasal swab 
samples were collected from seals found stranded for 
which the carcass could not be examined either be-
cause of poor preservation state or logistical limita-
tions. All samples were first tested for IAV by PCR 
at the provincial Animal Health Laboratory (Labora-
toire de santé animale, Ministère de l’Agriculture, des 
Pêcheries et de l’Alimentation du Québec; MAPAQ). 
All IAV H5–positive samples were subsequently sent 
to the National Centre for Foreign Animal Disease 
(NCFAD) laboratory (Winnipeg, MB, Canada) for 
confirmatory testing. Samples of brain or lung were 
also submitted for PCR for cases that had lesions sug-
gestive of IAV but tested negative on swab samples.

RNA Extraction, Reverse Transcription PCR,  
and Virus Isolation
Both laboratories (MAPAQ and NCFAD) used the 
same methods for RNA extraction and PCR. Total 
RNA was extracted from clinical specimens (swabs 
and tissues) and virus isolates using the MagMax 
AM1836 96 Viral RNA Isolation Kit (ThermoFisher 
Scientific, https://www.thermofisher.com) accord-
ing to manufacturer recommendations, using the 
KingFisher Duo Prime, KingFisher Flex, or Apex 
platforms (ThermoFisher Scientific). Spiked enterovi-
ral armored RNA (Asuragen, https://asuragen.com) 
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was used as an exogenous extraction and reaction 
control. The extracted RNA samples were tested for 
IAV genomic material by using matrix gene–specific 
real-time reverse transcription PCR. Samples positive 
with the matrix primer set underwent repeat PCR 
with H5- and H7-specific primer sets, as described 
previously (25,26). Cycle threshold values <36.00 
were considered positive and values 36.00–40.00 sus-
picious. For virus isolation, PCR-positive samples 
were inoculated into 9-day-old embryonated specific 
pathogen-free chicken eggs via the allantoic route.

Nanopore Sequencing and Genome Assembly
To determine the clade, lineage, and clusters of each 
positive sample, the full genome segments of IAVs 
were amplified directly from clinical specimens or 
isolates using reverse transcription PCR, as described 
previously (27). Nanopore sequencing was per-
formed on a GridION sequencer (Oxford Nanopore, 
https://nanoporetech.com) with an R9.4.1 flowcell 
after library construction using the rapid barcoding 
kit (SQKRBK004 or SQK-RBK110.96). The raw nano-
pore signal data was basecalled and demultiplexed 
with Guppy version 5.1.12 (Oxford Nanopore) using 
the high accuracy or super-accurate basecalling mod-
el on each run. Basecalled nanopore reads were ana-
lyzed and assembled with a BLAST search (https://
blast.ncbi.nlm.nih.gov) of Iterative Refinement Meta-
Assembler assembled genome segment sequences 
against all sequences from the National Center for 
Biotechnology Information Influenza Virus Sequence 
Database (n = 959,847) (https://www.ncbi.nlm.nih.
gov/genomes/FLU/Database/nph-select.cgi) and 
influenza virus sequences from the 2021–2022 HPAI 
H5N1 outbreaks. We deposited whole-genome se-
quences of the HPAI H5N1 viruses from seals into 
the GISAID database (https://www.gisaid.org; ac-
cession nos. EPI_ISL_18916928–37).

Phylogenetic Analyses
We combined the HPAI H5N1 genomes sequenced 
from seals (10 samples) with 40 closely related se-
quences (as determined by BLAST similarity search) 
collected from wild birds during April–September 
2022. We trimmed individual viral segments (poly-
merase basic 1 and 2, polymerase acidic, hemaggluti-
nin, nucleoprotein, neuraminidase, matrix, nonstruc-
tural) of regions flanking the open reading frames 
and concatenated. We removed duplicate sequences 
from the dataset, leaving 43 complete viral genomes, 
totaling 13,112 nt in length, which we aligned using 
MAFFT version 7.49 (https://mafft.cbrc.jp). We used 
that alignment to estimate a time-scaled phylogenetic 

tree using BEAST version 1.10.4 (28). We performed 
tree estimations under the best fitting model of nu-
cleotide substitution as determined by ModelFinder 
(generalized time-reversible model, empirical base 
frequencies, invariant sites, 4-category gamma distri-
bution of rate heterogeneity) (29), a relaxed molecular 
clock with log-normal distribution, and a Gaussian 
Markov Random Field Bayesian skyride tree prior 
(30). We also ran 2 independent Markov chain Monte 
Carlo chains (200 million steps, sampled every 20,000 
steps), discarding the first 10% of samples from each 
chain as burn-in, and assessed the chains for conver-
gence (based on effective sample size >200) using 
Tracer version 1.7.2 (31). We combined post–burn-in 
samples using LogCombiner version 1.10.4 and pro-
duced maximum clade credibility (MCC) trees by us-
ing TreeAnnotator version 1.10.4 (28).

Immunohistochemistry
For immunohistochemistry (IHC), we quenched par-
affin tissue sections for 10 minutes in aqueous 3% 
hydrogen peroxide. We then retrieved epitopes us-
ing proteinase K for 15 minutes and rinsed. The pri-
mary antibody applied to the sections was a mouse 
monoclonal antibody specific for IAV nucleoprotein 
(F26NP9, produced in-house) used at a 1:5,000 dilu-
tion for 30 minutes. We visualized the primary an-
tibody binding by using a horseradish peroxidase 
labeled polymer, the Dako EnVision+ system (anti-
mouse) (Agilent, https://www.agilent.com), reacted 
with chromogen diaminobenzidine. We then coun-
terstained the section with Gill hematoxylin.

Results

Stranding Data
During April 1–September 30, 2022, a total of 209 
dead or sick seals were reported in the waters bor-
dering Quebec: 127 harbor seals, 47 gray seals, 6 
harp seals (Pagophilus groenlandicus), 1 hooded seal 
(Cystophora cristata), and 28 seals of undetermined 
species. The number of dead or sick stranded harbor 
seals and seals of unknown species combined dur-
ing that period of time (n = 55) was 3.7 times higher 
than the average annual number in the previous 10 
years for the same period (n = 41.6), representing a 
statistically significant increase in number of strand-
ings (t = 5.55, d.f. = 9; p<0.001) (Figure 1, panel A). A 
statistically significant increase of similar magnitude 
was noted for the number of gray seals found dead or 
sick during the second and third quarters of 2022 (47 
in 2022 compared with an average of 12 in 2012–2021; 
t = 4.35, d.f. = 9; p = 0.002) (Figure 1, panel B). We 
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observed no increase in mortality or morbidity for the 
other species of pinnipeds compared with the previ-
ous 10 years.

Descriptive Epidemiology and Necropsy Findings
Carcasses of 22 harbor seals, 3 gray seals, 1 harp seal, 
and 1 hooded seal found during April 22–October 6, 
2022, were submitted for postmortem examination. 
On the basis of molecular detection of H5 and pres-
ence of lesions suggestive of IAV infection, HPAI 
H5N1 was identified as cause of death of 14 harbor 
seals and 1 gray seal (56%) (Table 1). Combined nasal 
and rectal swab samples were obtained on the shore 
from an additional 11 harbor seal and 1 gray seal car-
casses, and HPAI H5N1 was identified in 6 of the har-
bor seals (50% of those sampled) (Table 1).

All 21 infected seals were found during May 30–
July 8, 2022, in the estuarine segment of the St. Law-
rence waterway, mainly on the south shore, between 

the towns of Baie-Comeau (49.2213°N, 68.1504°W) 
and Notre-Dame-du-Portage (47.7630°N, 69.6096°W) 
(Figure 2). Infections were detected in both <1 year 
old and adult seals with no age predilection. All the 
infected adult harbor seals (n = 9) were female, and 
6 had evidence of recent parturition (active lacta-
tion, asymmetric uterine horns without the presence 
of a fetus, or both). The infected adult gray seal was 
male. There were 3 male and 7 female (and 1 nonde-
termined) infected <1 year old seals (Table 2). One 
of the infected seals was found alive with profound 
lethargy and neurologic signs. In addition, anecdotal 
observations of weak and dyspneic harbor seals were 
reported during the outbreak.

Carcasses were attributed decomposition scores 
(21), varying from code 2–2.5 (fresh to mild decom-
position) in 12 cases to code 3 (moderate decomposi-
tion) for 3 cases. Twelve seals were in excellent nutri-
tional condition, 2 were thin, and 1 was emaciated.  

Figure 1. Weekly occurrences of 
stranded seals in an outbreak of highly 
pathogenic avian influenza A(H5N1) 
virus in seals, the St. Lawrence 
Estuary and Gulf, Quebec, Canada. 
Graphs compare strandings during 
April 1–September 30, 2022, with the 
average number of strandings over 
the previous 10 years (2012–2021) 
during the same quarters. A) Harbor 
seals (Phoca vitulina) and seals of 
undetermined species; B) gray seals 
(Halichoerus grypus).
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Postmortem findings (Table 3) showed notable gross 
lesions limited to lymphadenomegaly (submandibu-
lar and mesenteric lymph nodes), red-tinged foam 
in the tracheal lumen, and pulmonary congestion.  
Relevant histologic lesions (Table 3) included acute 
multifocal to diffuse mixed meningoencephalitis 
(Figure 3, panel A), characterized by a predominantly 
neutrophilic infiltrate with lymphocytes in Virchow-
Robin spaces, the meninges, the submeningeal neu-
ropil. Neuronal necrosis, satellitosis, and gliosis were 
also regularly observed. Acute fibrinosuppurative 
alveolitis, consisting of neutrophils with fibrinous 
aggregates in the alveolar lumen (Figure 3, panel B), 
was observed in 9/15 seals. Interstitial pneumonia, 
characterized by a mild to moderate mixed inflamma-
tory infiltrate within the alveolar septa, was seen ei-
ther concurrently or distinctively from the alveolitis. 
In addition to the inflammatory changes, alveolar em-
physema, mild acute alveolar damage with hyaline 
membranes, and necrotic type 1 pneumocytes were 
sometimes present. Six animals presented multifo-
cal necrotic foci of the adrenal cortex with infiltrates 
of degenerate neutrophils (Figure 3, panel C). Acute 
necrotizing thymitis, lymphadenitis, and splenitis 

were also observed and consisted of multifocal to co-
alescing zones of necrosis, mainly centered on cortical 
lymphoid follicles along with extensive lymphoid de-
pletion (Figure 3, panel D). Lymph nodes were often 

 
Table 1. Percentages of stranded seals tested that were infected 
by HPAI A(H5N1) in the St. Lawrence Estuary, Quebec, Canada, 
April 22–October 6, 2022* 

Species and sampling 
% Infected (no. 

infected†/no. tested) 
Harbor seal (Phoca vitulina)  
 Full postmortem examination 64 (14/22) 
 Nasal/rectal field swab 55 (6/11) 
 Total 61 (20/33) 
Grey seal (Halichoerus grypus)  
 Full postmortem examination 33 (1/3) 
 Nasal/rectal field swab  0 (0/1) 
 Total 25 (1/4) 
Hooded seal (Cystophora cristata)  
 Full postmortem examination 0 (0/1) 
Harp seal (Pagophilus groenlandicus)  
 Full postmortem examination 0 (0/1) 
Total pinnipeds  
 Full postmortem examination 56 (15/27) 
 Nasal/rectal field swab  50 (6/12) 
 Total 54 (21/39) 
*Postmortem and field swab samples were from different individual 
strandings. HPAI, highly pathogenic avian influenza. 
†Infections were determined on the basis of epidemiologic data, presence 
of suggestive lesions, and PCR testing using H5-specific primers. 

 

Figure 2. Geographic locations of stranded, dead, or sick seals infected by highly pathogenic avian influenza A(H5N1) virus during the 
2022 outbreak in the St. Lawrence Estuary, Quebec, Canada. The locations of harbor seals (Phoca vitulina) gray seals (Halichoerus 
grypus) and detected H5N1 lineages are marked as are the documented outbreaks in common eider (Somateria mollissima) colonies. 
Inset shows study location in a map of eastern Canada and US Midwest and Northeast.
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reactive with an accumulation of histiocytic cells in 
the lymphatic trabeculae and medullary sinus, mac-
rophages in the germinal centers, and an infiltration 
of the subcapsular sinus with granulocytes and mac-
rophages. Other microscopic changes were seen in 6 
cases with mild membranous glomerulonephritis, 4 
cases with necrotizing fibrinous hepatitis of variable 
severity, 1 case of mild multifocal myocarditis with 
degenerate myofibers, and 1 animal with mild neu-
trophilic perivascular infiltration in the perimysium.

Immunoreactivity for IAV antigen was observed 
in tissues from 12 of the 13 cases that were tested (Ta-
ble 2). Variable abundance of antigens, from mild to 
extensive, was detected in different tissues, including 
the neuropils and neurons (Figure 4, panel A), pul-
monary alveolar septa and glandular bronchial cells 
(Figure 4, panel B), renal glomeruli, spleen, pancreas, 
liver, vascular walls of skeletal muscle, lymph nodes, 
tracheal vessels, and adrenal glands. Those antigens 
were often associated with, but not limited to, necrot-
ic foci.

Virology Assessment
The presence of IAV H5 RNA was confirmed by 
PCR in 15 necropsied seals and in 6 seals that were 
swabbed in the field (n = 21) (Table 2). All samples 
were negative for H7. All 15 necropsied seals had 
lesions suggestive of IAV on histology. In 4 cases,  

NCFAD confirmatory PCRs for H5 performed on 
combined rectal/nasal swab samples were negative 
but H5 RNA was detected by subsequent PCR on fro-
zen lung or brain tissues. Virus isolation (using em-
bryonated specific pathogen-free chicken eggs) was 
successful in 16 of those 21 cases. The 16 isolates were 
sequenced to determine the subtype and lineage of 
the H5 virus. All isolates belonged to Gs/GD lineage 
H5N1 clade 2.3.4.4b. Five isolates had fully Eurasian 
gene segments similar to the Newfoundland-like 
clade 2.3.4.4b H5N1 viruses that emerged in Canada 
in late 2021. The other 11 isolates were reassortant 
H5N1 viruses containing gene segments polymerase 
basic 1 and 2, polymerase acidic, and nucleoprotein, 
belonging to the North American lineage IAVs and 
hemagglutinin, neuraminidase, matrix, and nonstruc-
tural gene segments belonging to the Newfoundland-
like clade 2.3.4.4b H5N1 viruses. Accordingly, the 
phylogenetic tree estimated from those sequences is 
bifurcated at the root between fully Eurasian and re-
assortant viruses (Figure 5). In both the fully Eurasian 
and reassortant lineages, sequences derived from 
wild birds are ancestral to the (well-supported and 
monophyletic) clades that include seals. That find-
ing provides strong support for independent bird-
to-seal spillover events for each viral lineage, rather 
than a single spillover and subsequent reassortment  
event in seals.

 
Table 2. Demographic data and results of immunohistochemistry and molecular testing performed in seals infected by HPAI A(H5N1) 
during the 2022 outbreak in the St. Lawrence Estuary, Quebec, Canada* 

Case no. 
Date 
found Species† 

Age 
group/sex 

AIV 
IHC 

Initial PCR at 
MAPAQ 

 

Confirmatory 
PCR at NCFAD Sample 

type‡ Lineage 

IAV 
histologic 
lesions Matrix H5 Matrix H5 

217719 May 30 Harbor seal Adult/F + + +  + + Swab EU/NA Yes 
216969 June 7 Harbor seal <1 y + + +  + + Swab EU Yes 
216970 June 7 Harbor seal Adult/F + + +  + + Swab EU Yes 
216971 June 8 Harbor seal Adult/F - +/− +  + + Swab EU Yes 
216947 June 10 Harbor seal Adult/F + + +  + + Brain EU/NA Yes 
216983 June 11 Harbor seal Adult/F NP + +  + + Swab EU/NA NP§ 
216985 June 13 Harbor seal <1 y/F NP + +  + + Swab NP NP§ 
216972 June 14 Harbor seal <1 y/F + + +  + + Swab EU Yes 
217671 June 14 Harbor seal Adult/F + + +  + + Swab EU Yes 
216987 June 19 Harbor seal Adult/F NP + +  + + Swab EU/NA NP§ 
216988 June 20 Harbor seal <1 y/F + + +  + + Swab EU/NA Yes 
216989 June 20 Harbor seal Adult/F NP + +  + + Swab NP NP§ 
217670 June 20 Harbor seal <1 y/F + + +  + + Swab EU/NA Yes 
216973 June 22 Harbor seal Adult/F NP + +/−  + + Brain NP Yes 
216974 June 22 Harbor seal <1 y/F + +/− +  + + Brain EU/NA Yes 
217794 June 24 Gray seal Adult/F + + +  + + Swab EU/NA Yes 
217642 June 26 Harbor seal <1 y/F + + +  + + Swab EU/NA Yes 
217665 June 26 Harbor seal <1 y/F + +/− +  + + Swab EU/NA Yes 
217667 June 26 Harbor seal <1 y/F NP + +  + - Lung NP Yes 
217611 July 7 Harbor seal <1 y/F NP + +  + + Swab EU/NA NP§ 
217612 July 8 Harbor seal <1 y/ND NP +/− +/−  + + Swab NP NP§ 
*EU, fully Eurasian lineage; EU/NA, reassortment between Eurasian and North American lineages; HPAI, highly pathogenic avian influenza; IAV, 
influenza virus; IHC, immunohistochemistry; MAPAQ, Ministère de l’Agriculture, des Pêcheries et de l’Alimentation du Québec; NCFAD, National Center 
for Foreign Animal Disease; ND, not determined; NP, not performed. –, negative; +, positive; +/−, suspicious. 
†Harbor seal, Phoca vitulina; gray seal, Halichoerus grypus. 
‡Swab indicates combined nasal and rectal swab samples. Frozen lung or brain were submitted when swab testing results were negative. 
§Cases for which only swabs collected in the fields were available; no necropsy performed. 
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Discussion
Investigation of increased deaths among the pin-
niped populations of the St. Lawrence Estuary and 
Gulf during the summer of 2022 detected HPAI 
H5N1 infections in harbor and gray seals. All nec-
ropsied seals that were positive for H5 by PCR also 
manifested histologic lesions consistent with IAV 
infection. The demonstration by IHC that IAV anti-
gens were often associated with necrotic and inflam-
matory lesions further supports a causal relationship 
between this virus, the observed lesions, and the 
animal deaths. The almost 4-fold increase in summer 
deaths among harbor and gray seals compared with 
historic data could reasonably be explained, at least 
in part, by an HPAI H5N1 outbreak affecting those 
populations of seals.

Even though we observed good agreement be-
tween the different diagnostic modalities, a few dis-
crepancies between the results are worth noting (Ta-
ble 2): IHC failed to detect 1 infected seal; 4 cases that 
were considered only suspected based on an initial 
matrix or H5 PCRs by MAPAQ were later confirmed 
positive by NCFAD; and PCR results for combined 
nasal/rectal swab samples had a false-negative rate 
of 27% (4/15). Such differences in diagnostic results 
highlight the importance of a multistep diagnostic 
methodology to confirm avian IAV cases and demon-
strate that surveillance efforts solely based on nasal/

rectal swab sample PCR results likely grossly under-
estimate the actual prevalence of infection.

Most of the examined animals were in good 
nutritional condition with only minor macroscopic 
changes, except for noticeable lymphadenomegaly. 
However, some macroscopic changes possibly were 
overlooked because of postmortem and freezing arti-
facts. Inflammatory and necrotic changes were detect-
ed in several organs, including brain, lungs, adrenal 
glands, liver, and lymph. The central nervous system 
(100%) and the lungs (73%) were the most commonly 
affected organs. That neurotropism and respirotro-
pism are similar to what has been reported in birds 
(32) and in mesocarnivores infected with HPAI H5N1 
(12,15), as well as in 3 harbor seals from the North 
Sea near Germany infected with HPAI H5N8 (18). 
The predominantly neutrophilic nature of the menin-
goencephalitis is unusual for a viral infection and in-
dicative of a very acute infection.

The route of transmission and the viral patho-
genesis for HPAI infection have not been established 
in pinnipeds. In most mammals, including humans, 
IAVs are transmitted through inhaling aerosols or 
respiratory fomites from an infected individual and 
replicate primarily in respiratory epithelium. Pre-
vious reports of infections with low-pathogenicity 
avian influenza in pinnipeds are consistent with the 
same pathophysiology as with stranded sick seals 

 
Table 3. Microscopic lesions documented in harbor (Phoca vitulina) and gray (Halichoerus grypus) seals infected by HPAI A(H5N1) 
during the 2022 outbreak in the St. Lawrence Estuary, Quebec, Canada 
Microscopic lesions % Seals affected (no. with lesions/no. examined) 
Brain  
 Meningoencephalitis 100 (15/15) 
 Predominantly neutrophilic 80 (12/15) 
 Predominantly lymphoplasmacytic 20 (3/15) 
Lung  
 Pulmonary inflammatory changes 73 (11/15) 
 Acute multifocal fibrinosuppurative alveolitis 60 (9/15) 
 Acute interstitial pneumonia 53 (8/15) 
 Acute alveolar damage 40 (6/15) 
 Alveolar emphysema 27 (4/15) 
Adrenal gland  
 Adrenocortical necrosis 60 (6/10) 
Thymus  
 Acute multifocal necrotizing thymitis 50 (2/4) 
Lymph nodes  
 Reactional lymph nodes 43 (6/14) 
 Acute multifocal necrotizing lymphadenitis 36 (5/14) 
Kidney  
 Multifocal membranous glomerulonephritis 40 (6/15) 
Liver  
 Necrotizing hepatitis 29 (4/14) 
Spleen  
 Necrotizing splenitis 21 (3/14) 
Muscle  
 Neutrophilic infiltration of the perimysium 9 (1/11) 
Heart  
 Multifocal myocarditis 7 (1/14) 
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displaying respiratory signs, whereas dead seals 
showed necrotizing hemorrhagic bronchitis and al-
veolitis (6,7). However, the clinical manifestations 
and postmortem lesions seen in various mammal spe-
cies affected by HPAI H5N1, including the seals from 
this study, indicate a clear neurotropism (12,15,16). 
Neurologic signs, encephalitis, and a high load of vi-
ral antigens and RNA in the brain all point toward a 
different pathogenesis and possibly a different route 
of inoculation. 

Most mammal species that have been reported 
to be infected by HPAI H5N1 are carnivores that are 

likely to prey or scavenge on wild birds. Consequent-
ly, ingestion of birds infected with HPAI is presumed 
to be the most likely source of infection in free-ranging 
wild mesocarnivores (12,15) and in sporadic cases of 
infected domestic or captive wild carnivores (33,34). 
That route of transmission, which has been proven 
successful by red foxes being experimentally infected 
with HPAI H5N1 clade 2.2 after eating infected bird 
carcasses (35), is also plausible in gray seals because 
this species is known to prey on sea birds, making a 
weakened bird or infected carcass a potential source 
of infection. However, that pathway of infection is 

Figure 3. Histology section of 
thawed, formalin-fixed tissues 
from harbor seals (Phoca vitulina) 
infected by highly pathogenic 
avian influenza A(H5N1) virus 
in the St. Lawrence Estuary, 
Quebec, Canada, 2022. 
Hematoxylin phloxine saffron 
stain. A) Brain tissue from a 
young (<1 year old) female 
seal. The Virchow-Robin 
space around a vessel (V) is 
infiltrated by numerous layers of 
polymorphonuclear cells. Several 
neurons have a condensed 
hyperacidophilic cytoplasm 
indicative of necrosis and are 
often associated with satellitosis 
(arrows). A focally extensive 
infiltration of the neuropil by 
neutrophils and glial cells is also 
present. Scale bar indicates 100 
µm. B) Lung from a young 
(<1 year old) female seal. The 
alveolar (A) and vascular (arrow) 
lumens contain numerous, often 
degenerate, polymorphonuclear 
cells. The alveolar walls are 
infiltrated by numerous inflammatory cells composed of neutrophils and mononuclear cells. The epithelial cells bordering the small 
bronchi are often necrotic. Scale bar indicates 100 µm. C) Adrenal gland of an adult female seal. Multifocal foci of necrosis are present 
in the cortical zone (N). Scale bar indicates 300 µm. D) Lymph node from an adult female seal. Marked multifocal to coalescing necrosis 
of the lymphoid tissues in the cortical region are noted (N). Scale bar indicates 1 mm.

Figure 4. Detection of 
influenza virus antigen by 
immunohistochemistry in brain 
(A) and lung (B) of harbor seals 
(Phoca vitulina) infected by 
highly pathogenic avian influenza 
A(H5N1) virus, St. Lawrence 
Estuary, Quebec, Canada, 2022. 
A) Brain tissue. Multifocal areas of 
intense immunostaining (arrows) 
with staining of all structures 
are seen in the affected area, 
including neurons and neuropil 
(inset). Scale bar indicates 2 mm. B) Lung tissue. Positive immunostaining can be observed within alveolar septae (arrow) and in 
bronchiolar epithelial cells (arrowhead). Scale bar indicates 80 µm.



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 6, June 2024 1141

Avian Influenza A(H5N1) Virus in Seals, Canada

unlikely for harbor seals because they are not known 
to predate or scavenge on birds. Consequently, trans-
mission through environmental exposure, such as 
accidentally ingesting feces or feathers from infected 
birds, drinking fecal-contaminated water, or inhaling 
aerosols or respiratory fomites from infected avian 
carcasses, should be considered for harbor seals. All 
harbor seals that died of HPAI H5N1 in this popula-
tion were found in relatively close proximity to islands 
used as pupping grounds. Some of those islands also 
harbor breeding colonies of marine birds, such as the 
common eiders (Somateria mollissima). Numerous cas-
es of death caused by HPAI H5N1 were documented 
in those marine bird colonies during the same time 
period (Canadian Wildlife Health Cooperative data-
base, unpub. data). Anecdotal observations of seals 
hauling out on sites where carcasses of eiders were 
present were reported during the outbreak. Those  

observations would support the hypothesis that 
harbor seals were exposed to HPAI H5N1 by close 
contact with infected marine birds. The infected har-
bor seals were also either newborn or female and in 
breeding age, supporting the link between the infec-
tions and contact with marine birds at pupping sites. 

The fact that infections by HPAI H5N1 was 
documented in only 1 gray seal, even if that spe-
cies was abundant in the St. Lawrence Estuary dur-
ing the period of the outbreak (36), suggests either 
that gray seals are less sensitive to this virus or that 
they were less exposed to the virus compared with 
harbor seals. Indeed, in contrast to harbor seals that 
give birth to their pups in the spring/summer, the 
gray seal pupping season is in the winter. Therefore, 
that species is less likely to be in contact with poten-
tially infected nestling colonial birds. The absence of 
documentation of cases of infections in seals in the 

Figure 5. Time-scaled phylogenetic tree of 43 highly pathogenic avian influenza A(H5N1) virus clade 2.3.4.4b complete viral genomes 
from seals and wild birds in the St. Lawrence Estuary, Quebec, Canada, 2022. Tree was inferred by Bayesian analysis. Red text 
indicates seal-derived sequences and black text indicates wild bird–derived sequences. Posterior probability values >0.70 are 
displayed at the tree nodes. The genome constellation for each sequence (i.e., the compliment of Eurasian and North American derived 
genome segments) is presented to the right of the tree tips. HA, hemagglutinin; M, matrix; NA, neuraminidase; NP, nucleoprotein; NS, 
nonstructural; PA, polymerase acidic; PB, polymerase basic.
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St. Lawrence Gulf, where both species of seals are 
abundant (36), might be because nestling colonies of 
eiders are smaller in number and size and limited 
to the northern shore of the gulf, an area with a low 
density of potential observers.

The presence of HPAI H5N1 clade 2.3.4.4b viruses 
with 2 different genome constellations and the temporo-
geographic distribution of the seals indicates that this 
outbreak was associated with >1 source of infection, 
an assertion supported by phylogenetic analyses. Some 
seal-derived sequences form monophyletic clades that 
exclude those from wild birds (e.g., samples FAV-0836-
1, FAV-0836-2, and FAV-0836-6; Figure 5), suggesting a 
common source of infection for those seals. However, 
with the data currently available, we cannot determine 
if direct seal-to-seal transmission occurred. In addition, 
the absence of cases of HPAI H5N1 in seals from the St. 
Lawrence Estuary since the original outbreak (Canadi-
an Wildlife Health Cooperative database, unpub. data) 
suggests that this condition has not become endemic in 
this population of marine mammals.

In conclusion, the infection of mammal species 
such as seals by HPAI H5N1 viruses raises concern 
about recent viral mutations making possible entry 
and replication within mammalian cells. From a hu-
man health perspective, such changes in viral host 
range warrant continued vigilance to detect a poten-
tially deadly epidemic before its emergence. In ad-
dition, marine mammals, such as seals or other pin-
nipeds, might act as reservoirs for this virus, which 
could contribute to increasing risk for mutations 
and viral reassortment, favoring the infection of new 
mammal hosts. Therefore, monitoring the occurrence 
and molecular characteristics of this HPAI virus in 
populations of wild marine mammals is essential for 
assessing the public health risk associated with this 
emerging pathogen–host dynamic.
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The COVID-19 pandemic caused by the novel 
coronavirus SARS-CoV-2 resulted in >20 million 

reported cases, 480,000 hospitalizations, and 350,000 
deaths in the United States through December 2020 
(1). SARS-CoV-2 self-testing was not widely avail-
able at the time, which likely resulted in underre-
porting of infections (2,3). Beginning in mid-Decem-
ber 2020, COVID-19 case detection was affected by 
the availability of commercial testing and the intro-

duction of at-home antigen-based diagnostic tests 
(2). The development of effective vaccines against 
SARS-CoV-2 after mid-December 2020 had notable 
effects on reducing hospitalization and fatality rates 
(4–6). Analyses in the United States and other coun-
tries have found higher case fatality rates associated 
with certain person-level (e.g., vaccination status, 
older age, race and ethnicity, and presence of un-
derlying conditions), clinical (hospitalization and 
admission to critical care units), and country-level 
infrastructure (e.g., healthcare capacity) characteris-
tics (7–12). Few precise estimates of hospitalization 
and mortality rates exist in the COVID-19–naive 
population in the United States, especially among 
demographic and clinical subgroups. We esti-
mated US case hospitalization and fatality rates 
by demographic and clinical characteristics during 
May 1–December 1, 2020, before vaccine availabil-
ity, among persons with reported SARS-CoV-2 in-
fections. These estimates are unique because most 
populations worldwide now have some vaccine- or 
natural-induced immunity (13).

Methods
State and territorial epidemiologists from 56 US ju-
risdictions submitted COVID-19 case reports to the 
Centers for Disease Control and Prevention (CDC) 
using a standard COVID-19 case report form; sub-
missions were through direct data entry or comma 
separated value (CSV) files upload into CDC’s Data 
Collation and Integration for Public Health Event 
Response HHS Protect platform or through the Na-
tional Notifiable Diseases Surveillance System (14–
16). Jurisdictions included all 50 states, New York 
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Few precise estimates of hospitalization and fatality 
rates from COVID-19 exist for naive populations, es-
pecially within demographic subgroups. We estimated 
rates among persons with SARS-CoV-2 infection in the 
United States during May 1–December 1, 2020, before 
vaccines became available. Both rates generally in-
creased with age; fatality rates were highest for persons 
>85 years of age (24%) and lowest for children 1–14 
years of age (0.01%). Age-adjusted case hospitalization 
rates were highest for African American or Black, not 
Hispanic persons (14%), and case-fatality rates were 
highest for Asian or Pacific Islander, not Hispanic per-
sons (4.4%). Eighteen percent of hospitalized patients 
and 44.2% of those admitted to an intensive care unit 
died. Male patients had higher hospitalization (6.2% vs. 
5.2%) and fatality rates (1.9% vs. 1.5%) than female 
patients. These findings highlight the importance of 
collecting surveillance data to devise appropriate con-
trol measures for persons in underserved racial/ethnic 
groups and older adults.
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City (reporting separately from New York state), the 
District of Columbia (DC), and 4 territories (Guam, 
Northern Mariana Islands, Puerto Rico, and the US 
Virgin Islands). Jurisdictions voluntarily reported 
confirmed and probable COVID-19 cases based on 
the case definition promulgated by the Council of 
State and Territorial Epidemiologists (CSTE) at the 
time of reporting (15,16) (Appendix, https://ww-
wnc.cdc.gov/EID/article/30/6/23-1285-App1.
pdf). Health officials in each jurisdiction determine 
the manner in which they obtain race and ethnicity 
information; common methods include interviews 
with patients and their families and reviews of med-
ical records.

To create the hospitalization dataset, we identi-
fied jurisdictions in which >80% of case reports had 
the CDC hospitalization query not missing (i.e., an-
swered yes, no, or unknown) for illnesses during 
May 1–December 1, 2020. If the date of illness onset 
was not provided or the person had no symptoms, 
the earliest date provided was used; this date was 
typically either the date the positive specimen was 
collected or the date of the case report. We used the 
same restriction to create the deaths dataset, requir-
ing >80% of case reports with the CDC death query 
not missing for illnesses during May 1–December 
1, 2020. This approach resulted in some variation 
in jurisdictions included in the hospitalization and 
death datasets. We then excluded from the hospi-
talization database any case record with missing 
information on hospitalization and excluded from 
the death database any case record with missing in-
formation on death.

For the hospitalization rate calculations, all nu-
merators included confirmed and probable COV-
ID-19 cases according to the CSTE definition at the 
time of reporting (Appendix). We calculated a lower 
bound for the rate by including in the denomina-
tor as not hospitalized those cases with unknown 
checked for hospitalization on the reporting form 
(N1 = 2,479,423). We calculated an upper bound for 
the rate by excluding from the denominator cases with 
unknown checked for hospitalization (n1 = 687,527 
[27.7% of N1]). For the death rate calculations, all 
numerators included confirmed and probable CO-
VID-19 cases according to the CSTE definition at the 
time of reporting (Appendix). We calculated a lower 
bound for the rate by including in the denominator 
as alive those cases with unknown checked for death 
on the reporting form (N2 = 4,708,444). We calculated 
an upper bound for the rate by excluding from the 
denominator cases with unknown checked for death 
(n2 = 756,133 [16.1% of N2]).

We chose a study period that reduced possible 
biases from variability in testing availability and data 
completeness. For each jurisdiction in the hospital-
ization analysis, we examined 2 metrics by week: the 
proportion of CDC’s COVID Electronic Lab Report-
ing (CELR) weekly testing volume reported as posi-
tive, and the proportion of cases reported to CDC that 
had symptoms using COVID-19 case report data. 
Those metrics had stabilized by May 1 and remained 
stable until December 1, 2020, which we chose as the 
last date included to eliminate any effects from vac-
cination. A brief survey was sent to health officials in 
jurisdictions included in the analysis to assess how 
data were being collected and reported.

We calculated case-hospitalization and case-fa-
tality rates by sex (male, female), age group (<1, 1–4, 
5–14, 15–24, 25–34, 35–44, 45–54, 55–64, 65–74, 75–84, 
and >85 years), race and ethnicity (American Indian or 
Alaska Native, not Hispanic or Latino; Asian or Pacific 
Islander, not Hispanic or Latino; African American 
or Black, not Hispanic or Latino; Hispanic; other or 
multiple races, not Hispanic or Latino; White, not His-
panic or Latino; and unknown), hospitalization and 
intensive care unit (ICU) admission (admitted to ICU; 
hospitalized but not admitted to ICU; and not hospital-
ized), and presence of any symptoms. We show race 
and ethnicity data in a combined variable; the other or 
multiple races category includes not Hispanic or La-
tino persons whose race was reported as other or for 
whom more than one race was reported, and persons 
whose record had both a racial designation and racial 
information unknown selected. The unknown cat-
egory includes cases who have a known ethnicity of 
not Hispanic or Latino but either unknown or missing 
race; have a known race but either unknown or miss-
ing ethnicity; or have both unknown or missing race 
and unknown or missing ethnicity. Although included 
in the unknown category in the main analysis, we ex-
cluded persons from the race and ethnicity subanalysis 
if ethnicity was unknown, regardless of race.

To account for differences in age distribution by 
race and ethnicity, so rates among the groups can be 
compared, we adjusted hospitalization and fatality 
rates for race and ethnicity to the age distribution 
of the largest group in the 2019 national census of 
the US population: White, not Hispanic or Latino 
(17). We compared the census population distribu-
tions by sex, age group, and race and ethnicity for 
our subset populations to the full 2019 US census 
to determine whether our subsets were representa-
tive of the United States (Appendix Table 1) (17). 
We also describe demographic characteristics of all 
COVID-19 cases reported to CDC during May 1– 
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December 1, 2020, by sex, age group, race and eth-
nicity, hospitalization and ICU admission status, 
presence of any symptoms, and deaths (Appendix 
Table 2). We used the 2019 US Census midyear esti-
mates because they were the most recent data avail-
able at time of analysis.

Ethics
This activity was deemed not to be research as defined 
in 45 CFR 46.102(l), and institutional review board re-
view was not required. This activity was reviewed by 
CDC and was conducted consistent with applicable 
federal law and CDC policy (Appendix).

Results

Study Population and Comparison with Cases in 
the Entire United States
A total of 10,332,323 COVID-19 cases were reported 
to CDC during May 1, 2020–December 1, 2020. Only 
58.8.% of those had valid, nonmissing information for 
hospitalization and 63.5% for death during the study 
period (Appendix Table 2), compared with >80% of re-
cords in the populations from which our datasets were 
drawn. After deleting records with hospitalization in-
formation missing, 2,479,423 cases from 21 jurisdictions 
were included in the hospitalization dataset (Table 1). 
After deleting records with death information missing, 
4,708,444 cases from 22 jurisdictions were included in 
the deaths dataset (Table 2). The underlying popula-
tions of the study jurisdictions closely matched the US 
Census total population distribution in 2019 by sex and 
age group but varied by race and ethnicity (Appendix 
Table 1). The case-hospitalization dataset covers 25.5% 
of the US population, and the case-fatality dataset cov-
ers 43.7% of the US population.

Case-Hospitalization Rates
Twenty-one jurisdictions met the inclusion criteria 
for the case-hospitalization rate calculation. The over-
all case hospitalization rate among case-patients was 
5.7%. The rate was <8.3% for every age group for per-
sons up to 64 years of age. The rate was 5.0% for in-
fants (defined as <1 year of age), 1.2% for children 1–4 
years of age, and 0.6% for children 5–14 years of age. 
Among persons >15 years of age, the rate steadily in-
creased for each older age group; it was 16.3% in per-
sons 65–74 years of age and 25.9% in persons 75–84 
and >85 years of age. Overall, the case hospitalization 
rate by sex was 6.2% for male and 5.2% for female. Fe-
male persons had lower case-hospitalization rates in 
every age group except those 15–24 and 25–34 years 
of age (Table 3). The case-hospitalization rate was 

6.3% for persons whose report indicated they had 
symptoms and 3.3% for persons whose report indi-
cated they were asymptomatic (Table 1).

The crude case-hospitalization rate was highest 
among persons who were African American or Black, 
not Hispanic or Latino (11.4%). After age adjustment, 
the highest case-hospitalization rates were among 
persons who were African American or Black, not 
Hispanic or Latino (14.0%), and Asian or Pacific Is-
lander, not Hispanic or Latino (11.2%); persons who 
were White, not Hispanic or Latino, had the lowest 
rate (6.8%) (Table 4).

Case-Fatality Rates
Twenty-two jurisdictions met the inclusion criteria 
for the fatality rate calculation. The overall case-fa-
tality rate was 1.7%. The rate was <1.6% for all age 
groups up to persons 64 years of age. The rate was 
0.05% for infants and 0.01% for children 1–4 and 
5–14 years of age. The 10 infants who died (6 girls) 
had laboratory-confirmed SARS-CoV-2 infection. 
Among persons >15 years of age, the rate steadily 
increased for each older age group; it was 4.7% in 
persons 65–74 years of age, 12.0% in persons 75–84 
years of age, and 23.6% in persons >85 years of age 
(Table 2; Figure). Overall, the case-fatality rate was 
1.9% for male sex and 1.5% for female sex (Table 2). 
Case-fatality rates for female sex were lower than or 
equal to those for male sex in every age group except 
infants (Table 5). The fatality rate was 1.7% both for 
persons whose report indicated they had symptoms 
and for persons whose report indicated they were 
asymptomatic (Table 2).

The crude case-fatality rate was highest among 
persons who were Asian or Pacific Islander, not His-
panic or Latino (3.0%), followed by African American 
or Black, not Hispanic or Latino (2.8%), and White, 
not Hispanic or Latino (2.7%) (Table 2). After age 
adjustment, fatality rates among all racial and eth-
nic groups except White, not Hispanic or Latino, in-
creased (Table 4): 4.4% for Asian or Pacific Islander, 
not Hispanic or Latino; 4.0% for African American or 
Black, not Hispanic or Latino; 3.4% for American In-
dian or Alaska Native, not Hispanic or Latino; 2.5% 
for Hispanic or Latino; and 2.1% for other or multiple 
races, not Hispanic or Latino. The rate decreased to 
1.5% for persons who were White, not Hispanic or La-
tino. The fatality rate was 0.6% in persons who were 
not hospitalized, 17.6% among all persons who were 
hospitalized, and 44.2% in those admitted to an ICU 
(Table 2). Hospitalization and fatality rates by age 
group showed a steady increase, with highest rates 
among older age groups (Figure).
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Survey of Surveillance Practices
Health officials in 17 (65%) of the 26 jurisdictions in-
cluded in either or both of the hospitalization and 
deaths final datasets responded to the survey. Officials 
in 6 jurisdictions commented that default values cho-
sen for death reporting may be “no” or “alive” when 
the outcome is unknown. The methods used to deter-
mine if a death was COVID-19–related varied by juris-
diction; 7 reported using the CSTE COVID-19 case def-
inition, and 10 reported using guidance unique to their 
state (e.g., designating death as COVID-19–related if a 
positive COVID-19 laboratory result was recorded in 
temporal proximity to the death).

Discussion
We describe hospitalization and fatality rates of 
persons with COVID-19 reported through CDC sur-
veillance, by age group, sex, race and ethnicity, and 
hospital and intensive care, during May 1–Decem-
ber 1, 2020, before the availability of COVID-19 vac-
cines and widespread commercial at-home testing. 
This study estimated rates in large US populations 
that included 2.4 million COVID-19 cases for mea-
suring hospitalization rates and 4.7 million cases for  
fatality rates.

Age was a primary driver of SARS-CoV-2 hospi-
talization and death; rates had a U-shaped curve, be-
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Table 1. Demographic and clinical characteristics of SARS-CoV-2 infections that met inclusion criteria for case hospitalization rate 
analysis, United States, 2020* 

Characteristic 

Includes cases for which hospitalization status 
was unknown, counted as not hospitalized 

 Includes only cases for which hospitalization 
status was known 

No. 
hospitalizations No. cases 

Case-
hospitalization 

rate, % 
No. 

hospitalizations No. cases 

Case-
hospitalization 

rate, % 
Overall 140,644 2,479,423 5.7  140,644 1,791,896 7.9 
Sex 

   
 

   

 M 72,372 1,164,257 6.2  72,372 834,733 8.7 
 F 67,894 1,300,788 5.2  67,894 946,921 7.2 
 Other 2 18 11.1  2 12 16.7 
 Missing† 134 4,006 3.3  134 2,657 5.0 
 Unknown 242 10,354 2.3  242 7,573 3.2 
Age group, y 

   
 

   

 <1 564 11,208 5.0  564 8,478 6.7 
 1–4 386 32,180 1.2  386 24,791 1.6 
 5–14 823 137,646 0.6  823 104,483 0.8 
 15–24 4,228 470,395 0.9  4,228 337,187 1.3 
 25–34 8,035 429,855 1.9  8,035 305,416 2.6 
 35–44 10,391 373,602 2.8  10,391 270,249 3.8 
 45–54 16,723 357,683 4.7  16,723 257,484 6.5 
 55–64 25,361 309,488 8.2  25,361 221,684 11.4 
 65–74 31,181 190,946 16.3  31,181 141,469 22.0 
 75–84 26,967 103,990 25.9  26,967 77,281 34.9 
 >85 15,973 61,604 25.9  15,973 42,872 37.3 
 Missing† 12 826 1.5  12 502 2.4 
Race and ethnicity†§ 
 AI or AN, NH 1,974 26,745 7.4  1,974 21,821 9.1 
 Asian or PI, NH 3,468 49,774 7.0  3,468 43,118 8.0 
 AA or Black, NH 18,470 161,642 11.4  18,470 133,485 13.8 
 Hispanic 17,159 365,476 4.7  17,159 304,239 5.6 
 Other or multiple races, NH 4,705 60,408 7.8  4,705 47,583 9.9 
 White, NH 69,165 1,068,295 6.5  69,165 870,193 8.0 
 Unknown 25,703 747,083 3.4  25,703 371,457 6.9 
Symptom status 

   
 

   

 Symptomatic 105,131 1,664,240 6.3  105,131 1,484,676 7.1 
 Asymptomatic 1,870 55,987 3.3  1,870 50,657 3.7 
 Missing† 11,423 168,365 6.8  11,423 82,936 13.8 
 Unknown 22,220 590,831 3.8  22,220 173,627 12.8 
*Data from 21 jurisdictions that met the study inclusion criteria, Case Only Epi Task Force dataset, accessed March 17, 2021, based on responses to the 
CDC 2019 Novel Coronavirus Case Report Form during May 1–December 1, 2020 (Figure). Reports in which no response was provided about 
hospitalization were excluded from the rate calculation. AA, African American; AI, American Indian; AN, Alaska Native; NH, not Hispanic or Latino; PI, 
Pacific Islander. 
†Missing indicates that the field was left blank. 
‡Other or multiple races category includes NH persons whose race was reported as other or for whom >1 race was reported and persons whose record 
had both a racial designation and “racial information unknown” selected. The unknown category includes cases who have a known ethnicity of NH but 
either unknown or missing race; have a known race but either unknown or missing ethnicity; or have both unknown or missing race and unknown or 
missing ethnicity. 
§The jurisdictions used for the hospitalization calculation had a smaller percentage of AA or Black, NH; Asian or PI, NH; and Hispanic persons, and a 
larger percentage of White, NH; and AI or AN, NH, persons than the US 2019 population. 
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ing higher in infants, lowest in children 5 to 14 years 
of age, and highest among persons >65 years of age, 
confirming previous reports (3,17,18). Other stud-
ies have identified older age and underlying medi-

cal conditions as risk factors for severe COVID-19 
outcomes, including hospitalization, admission to 
an ICU, requiring mechanical ventilation, and death 
(3,18). Those findings highlight the importance of 
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Table 2. Demographic and clinical characteristics of SARS-CoV-2 infections that met inclusion criteria for case fatality rate analysis, 
United States, 2020* 

 
Characteristic 

Includes cases for which death status  
was not known, counted as live 

 Includes only cases for which  
death status was known 

No. deaths No. cases 
Case-fatality 

rate, % 
 

No. deaths No. cases 
Case-fatality 

rate, % 
Overall 78,663 4,708,444 1.7  78,663 3,952,311 2.0 
Sex 

   
 

   

 M 42,184 2,230,579 1.9  42,184 1,871,418 2.3 
 F 36,330 2,452,617 1.5  36,330 2,058,984 1.8 
 Other 0 45 0  0 42 0 
 Missing† 54 4,822 1.1  54 4,444 1.2 
 Unknown 95 20,381 0.5  95 17,423 0.6 
Age group, y  
 <1 10 21,331 0.05  10 18,694 0.05 
 1–4‡ 7 66,098 0.01  7 58,590 0.01 
 5–14‡ 15 270,467 0.01  15 233,021 0.01 
 15–24 175 864,837 0.02  175 717,778 0.02 
 25–34 571 849,838 0.06  571 717,833 0.08 
 35–44 1,290 717,446 0.2  1,290 605,432 0.2 
 45–54 3,390 687,837 0.5  3,390 576,674 0.6 
 55–64 8,701 589,496 1.5  8,701 488,624 1.8 
 65–74 16,197 341,936 4.7  16,197 283,996 5.7 
 75–84 21,689 180,869 12.0  21,689 150,871 14.4 
 >85 26,614 112,566 23.6  26,614 95,515 27.9 
 Missing† 4 5,723 0.06  4 5,283 0.08 
Race and ethnicity§¶ 

   
 

   

 AI or AN, NH 591 30,312 2.0  591 24,687 2.4 
 Asian or PI, NH 2,847 96,073 3.0  2,847 86,842 3.3 
 AA or Black, NH 6,529 230,117 2.8  6,529 204,784 3.2 
 Hispanic 2,694 347,365 0.8  2,694 282,684 1.0 
 Other or multiple races, NH 2,270 148,408 1.5  2,270 133,038 1.7 
 White, NH 41,451 1,512,389 2.7  41,451 1,207,934 3.4 
 Unknown 22,281 2,343,780 1.0  22,281 2,012,342 1.1 
Hospitalized#        
 Yes 45,328 257,208 17.6  45,328 235,206 19.3 
 No 13,133 2,182,361 0.6  13,133 1,982,656 0.7 
 Unknown 9,809 1,116,549 0.9  9,809 652,037 1.5 
 Missing 10,393 1,152,326 0.9  10,393 1,082,412 1.0 
Hospitalized or ICU** 

   
 

   

 Hospitalized in ICU 13,906 31,461 44.2  13,906 30,122 46.2 
 Hospitalized, not ICU 31,497 226,235 13.9  31,497 205,428 15.3 
 Not hospitalized 13,058 2,181,873 0.6  13,058 1,982,312 0.7 
 Unknown 20,202 2,268,875 0.9  20,202 1,734,449 1.2 
Symptom status 

   
 

   

 Symptomatic 43,395 2,537,903 1.7  43,395 2,212,265 2.0 
 Asymptomatic 1,850 110,446 1.7  1,850 109,243 1.7 
 Missing† 12,504 814,456 1.5  12,504 672,665 1.9 
 Unknown 20,914 1,245,639 1.7  20,914 958,138 2.2 
*Data from 22 jurisdictions that met the study inclusion criteria, Case Only Epi Task Force dataset, accessed March 17, 2021, based on responses to the 
CDC 2019 Novel Coronavirus Case Report Form during May 1–December 1, 2020 (Figure). Reports in which no response was provided about death 
were excluded from the rate calculation. AA, African American; AI, American Indian; AN, Alaska Native; NH, not Hispanic or Latino; ICU, intensive care 
unit; PI, Pacific Islander. 
†Missing indicates that the field was left blank. 
‡Case-fatality rate was 0.0105%–0.0119% for 1–4 years age group and 0.0055%–0.0064% for 5–14 years age group. 
§Other or multiple races category includes NH persons whose race was reported as other or for whom >1 race was reported and persons whose record 
had both a racial designation and “racial information unknown” selected. The unknown category includes cases who have a known ethnicity of NH, but 
either unknown or missing race; have a known race but either unknown or missing ethnicity; or have both unknown or missing race and unknown or 
missing ethnicity. 
¶The jurisdictions used for the fatality calculation had a greater percentage of Asian or PI, NH, persons and a smaller percentage of AA or Black, NH, 
persons than the US 2019 population. 
#Hospitalized status (yes or no) collected in a separate variable from “hospitalized or ICU” and numbers of hospitalized patients may not match. 
**Known to have been admitted to an ICU. The dataset contained separate variables for “hospitalized” and for “hospitalized in an ICU.” The 2 variables 
differed in the number not hospitalized and number hospitalized not in an ICU by <100 persons. 
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vaccination and other mitigation methods to prevent 
SARS-CoV-2 infection in high-risk age groups.

Fatality rates were lowest for children 1–14 years 
of age (0.01%), in keeping with previous reports (19). 
We found fatality rates among infants to be slightly 
higher (0.05%). We have not found comparable data 
for infants in other studies. Higher fatality and hos-
pitalization rates in infants may be attributable to 
other factors, including maternal COVID-19 infec-
tion or medical problems that may arise during the 
first year of life. Hospitalization rates and mortality 
rates are generally higher among infants than older 
children, primarily from complications of prematu-
rity and birth defects (20,21). Our findings among 
infants should be interpreted with caution because 
only 10 deaths were reported among the 21,331 in-
fant cases.

We found that male persons had higher hospital-
ization rates than female persons except in the 15–24- 
and 25–34-year age groups, and that male persons, 
except infants, had higher fatality rates than female 
persons. The reason for the disparity by sex is un-
known; biologic, behavioral, and psychosocial factors 
could be involved (22–26). The 2 female age groups 
with higher hospitalization rates than the male group 
include female persons of childbearing age. Pregnan-
cy and recent pregnancy may be associated with se-
vere COVID-19 outcomes, including hospitalization 
and admission to ICUs (27,28).

Both unadjusted and age-adjusted hospitaliza-
tion and fatality rates showed differences by race and 
ethnicity; the highest hospitalization rate was for the 
African American or Black, not Hispanic category, 
and the highest fatality rates were for the Asian or 
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Table 3. Case-hospitalization rates by age group and sex of patients with SARS-CoV-2 infections that met inclusion criteria for case 
hospitalization rate analysis, United States, 2020* 

Age group, y 

Case-hospitalization rate including cases for 
which hospitalization status was not known, 

counted as not hospitalized, % 

 
Case-hospitalization rate among cases for 
which hospitalization status was known, % 

Male sex Female sex Male sex Female sex 
<1 5.2 4.9  6.9 6.4 
1–4 1.3 1.1  1.7 1.4 
5–14 0.6 0.6  0.8 0.8 
15–24 0.7 1.1  1.0 1.5 
25–34 1.6 2.2  2.2 3.0 
35–44 3.0 2.6  4.2 3.6 
45–54 5.3 4.1  7.5 5.6 
55–64 9.4 7.1  13.2 9.9 
65–74 18.5 14.3  24.9 19.3 
75–84 30.1 22.5  39.7 30.8 
>85 35.4 21.4  47.8 31.7 
Missing† 1.4 1.6  2.5 2.4 
*Data from 21 jurisdictions that met the study inclusion criteria, CDC line level surveillance dataset, accessed March 17, 2021, based on responses to the 
CDC 2019 Novel Coronavirus Case Report Form during May 1–December 1, 2020. Reports in which no response was provided about hospitalization 
were excluded from the rate calculation. 
†Missing indicates that the field was left blank. 
 

 
Table 4. Race- and ethnicity-specific unadjusted and age-adjusted case hospitalization and fatality rates of patients with SARS-CoV-2 
infections that met inclusion criteria for fatality rate analysis, United States, 2020* 

Race and ethnicity† 

Case hospitalization rate including cases for 
which hospitalization status was not known, 

counted as not hospitalized 

 
Case fatality rate including cases for which 

death status was not known, counted as live 
Unadjusted Age-adjusted‡  Unadjusted Age-adjusted‡ 

AI or AN, NH 7.4 10.1  2.0 3.4 
Asian or PI, NH 7.0 11.2  3.0 4.4 
AA or Black, NH 11.4 14.0  2.8 4.0 
Hispanic 4.7 9.0  0.8 2.5 
Other or multiple races, NH 7.8 9.8  1.5 2.1 
White, NH 6.5 6.8  2.7 1.5 
Unknown 3.4 4.2  1.0 2.6 
*Data from 21 (hospitalization) and 22 (fatality) jurisdictions that met the study inclusion criteria, CDC line level surveillance dataset, accessed March 17, 
2021, based on responses to the CDC 2019 Novel Coronavirus Case Report Form during May 1–December 1, 2020. Reports in which no response was 
provided about death or hospitalization were excluded from the rate calculation. AA, African American; AI, American Indian; AN, Alaska Native; ICU, 
intensive care unit; NH, not Hispanic or Latino; PI, Pacific Islander.. 
†Other or multiple races category includes not Hispanic or Latino persons whose race was reported as other or for whom >1 race was reported and 
persons whose record had both a racial designation and “racial information unknown” selected. The unknown category includes cases who have a known 
ethnicity of NH, but either unknown or missing race; have a known race but either unknown or missing ethnicity; or have both unknown or missing race 
and unknown or missing ethnicity. 
‡Hospitalization and fatality rates by race and ethnicity adjusted to the age distribution of the White, NH, population based on 2019 US Census 
population. 
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Pacific Islander and African American or Black, not 
Hispanic categories. Similar disparities in SARS-
CoV-2 infections have been reported in other stud-
ies. Data in our analysis did not include information 
(e.g., socioeconomic status and occupation) to enable 
further examination of the reasons for these dispari-
ties (7). One study found no association between 
race and ethnicity category and severe COVID-19 
outcomes after primary COVID-19 vaccination se-
ries (receipt of 2 doses), which suggests that access 
to COVID-19 vaccines can help mitigate racial and 
ethnic disparities (18).

We found that almost half of persons admitted to 
an ICU died, similar to studies of <400 persons con-
ducted in Seattle (50%), Washington (52%), and New 
York City (78%) (22,29,30). This finding emphasizes 
the importance of early diagnosis and treatment of 

SARS-CoV-2 infection. Mechanical ventilation is of-
ten associated with high fatality rates (22,26,31).

One limitation of this analysis is the use of data 
from only 21 jurisdictions for hospitalization rate 
calculations and 22 for fatality rate calculations of 
the 56 jurisdictions that reported case information 
to CDC. However, the inclusion of only those juris-
dictions is also a strength of the analysis because 
a relatively high percentage of case reports had 
valid, nonmissing hospitalization or death data. A 
high percentage of case reports were for persons 
with unknown race and ethnicity, in large part be-
cause reports without ethnicity were classified as 
unknown even if race was recorded (32); a smaller 
percentage were categorized as having other or 
multiple races. Had ethnicity been known, the hos-
pitalization rate for racial and ethnic groups with 
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Figure. Upper and lower 
estimates of case-hospitalization 
(gray) and case-fatality (black) 
rates by age group of patients 
with SARS-CoV-2 infection, 
United States, 2020. Graphical 
representation of upper and 
lower estimates of rates in Tables 
1 and 2. For case-hospitalization, 
lower bound was calculated by 
including cases with unknown 
hospitalization information as not 
hospitalized and upper bound by 
excluding cases with unknown 
hospitalization information. For 
case-fatality, lower bound was 
calculated by including cases 
with unknown death status 
as alive and upper bound by 
excluding cases with unknown 
death status information. Reports in which no response was provided about death or hospitalization were excluded from the respective 
rate calculation. Inset graph provides greater detail for younger age groups by using smaller y-axis values.

 
Table 5. Case-fatality rates by age group and sex of patients with SARS-CoV-2 infections, United States, 2020* 

Age group, y 

Case-fatality rates including cases for which 
death status was not known, counted as live, % 

 Case-fatality rates among cases for which  
death status was known, % 

Male Female  Male Female 
<1 0.04 0.06  0.04 0.07 
1–4 0.01 0.01  0.01 0.01 
5–14 0.00 0.01  0.01 0.01 
15–24 0.03 0.01  0.03 0.02 
25–34 0.09 0.05  0.11 0.06 
35–44 0.2 0.1  0.3 0.2 
45–54 0.7 0.3  0.8 0.4 
55–64 2.0 1.0  2.4 1.2 
65–74 6.0 3.6  7.2 4.3 
75–84 14.7 9.8  17.5 11.8 
>85 29.4 20.9  34.0 24.9 
Missing† 0.1 0.0  0.1 0.0 
*Data from 22 jurisdictions that met the study inclusion criteria, CDC line level surveillance dataset, accessed March 17, 2021, based on responses to the 
CDC 2019 Novel Coronavirus Case Report Form during May 1–December 1, 2020. Reports in which no response was provided about death were 
excluded from the rate calculation. 
†Missing indicates that the field was left blank. 
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added cases would be lower, and the effect on death 
rate would vary by group. Public health authori-
ties have made recommendations to improve race 
and ethnicity reporting in surveillance data (33,34). 
Our comparisons of age-adjusted rates among ra-
cial and ethnic groups do not adjust for differences 
in prevalence of underlying diseases. Tests were 
performed only on persons who sought testing or 
medical care; therefore, cases in persons with no or 
mild symptoms were less likely to be identified and 
reported. Differences in the application of death 
definitions across jurisdictions highlight the need 
for standardized definitions during a pandemic; 
in December 2021, CSTE released a definition of  
COVID-19–associated deaths, developed with in-
put from jurisdictional health departments (35). 
Limitations of using surveillance data to estimate 
fatality rates include preferential ascertainment of 
severe infections that may lead to overestimation of 
fatality rates, and the effect of specific interventions 
(e.g., hospitalization or hospitalization at a partic-
ular hospital) on survival (36). Although the Na-
tional Center for Health Statistics has provisional 
data on COVID-19–related deaths, it does not have 
information on ill persons who did not die, so rates 
cannot be calculated from these data. We used sur-
veillance data, which commonly, and in this study, 
have quality issues, including missing key variables 
such as race, ethnicity, and symptoms. Because of 
those limitations, we bounded our primary results 
by different assumptions on which outcome those 
with missing data had and we avoided statistical 
approaches, which, because of our large sample 
size, would have led to misleadingly narrow con-
fidence bounds. Furthermore, the large sample size 
ensures that many differences would be statisti-
cally significant even if those differences may be of 
little practical significance.

Caution is needed before drawing conclusions 
from our study population. One might expect con-
cerns with the quality of data collected during an 
emergency response above those in other surveil-
lance data. Yet, such surveillance data can provide 
information that would not otherwise be available 
(37). Despite the limitations of our study dataset, the 
inclusion of data from most of the country, including 
many persons of all ages, races, and ethnicities, and 
our method of accounting for missing information 
in the analyses make these estimates valuable to the 
public health community.

This analysis presents case-hospitalization and 
case-fatality rates by age group, sex, and racial and 
ethnic groups before the introduction of vaccinations 

targeting SARS-CoV-2. The introduction of vaccina-
tions and the presence of new strains of SARS-CoV-2 
altered those rates. Moreover, the wide availability 
of at-home tests for detecting infection and the lack 
of national reporting for home testing results make it 
more likely that only severe infections will be report-
ed. Our results document the severity of SARS-CoV-2 
infections early in the pandemic, provide a baseline 
for future comparisons, and highlight the importance 
of preventing severe illness in high-risk populations 
(e.g., through vaccination, early identification of 
symptoms, testing, and isolation to prevent transmis-
sion). Devising appropriate control measures, with 
community input, for persons in historically under-
served racial and ethnic groups and among adults 
>65 years of age is especially important (18).
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The global COVID-19 pandemic, caused by SARS-
CoV-2, dramatically disrupted the lives of per-

sons around the world, resulting in record numbers 
of cases and deaths (1). In the early stages of the pan-
demic, public health measures primarily consisted 
of nonpharmaceutical interventions (NPIs), such as 
social distancing, mask wearing, and contact tracing. 
NPIs are effective in mitigating the epidemic curves 
in various contexts, even without vaccines or specific 
treatments targeting the pathogen (2–4). Since March 

2020, stringent public health measures have been 
implemented nationwide in South Korea, effectively 
suppressing the spread of COVID-19 (5–7).

The effects of NPIs are not necessarily lim-
ited to COVID-19. Because NPIs reduce effective 
contacts within a population, such measures can 
also mitigate other respiratory infectious diseases 
(5,8,9). Likewise, implementation of social distanc-
ing measures (e.g., restrictions on social gatherings 
in restaurants) and improved personal hygiene 
practices can reduce occurrence rates of gastrointes-
tinal diseases (9,10). Mitigation measures targeting  
COVID-19 might even extend beyond human diseas-
es, potentially reducing risks for infectious diseases 
in animals (11–13). Human movement restrictions 
and the global economic crisis have greatly disrupt-
ed farming operations, veterinary services, wildlife 
surveillance, and zoonotic disease control, broadly 
influencing animal health and welfare (11,12). Those 
effects could contribute to outbreaks of major zoo-
notic diseases, such as brucellosis and bovine tuber-
culosis in animal populations, increasing the risk for 
zoonotic spillover (13).

Research on the effects of NPIs implemented dur-
ing the COVID-19 pandemic on other infectious dis-
eases in South Korea has found that reductions in re-
spiratory infections coincided with social distancing 
interventions (14–20). However, the effects of NPIs 
on gastrointestinal diseases were inconsistent. Stud-
ies revealed a notable reduction in viral gastrointesti-
nal infections but no marked decrease in bacterial in-
fections, such as those caused by Campylobacter spp., 
Clostridium perfringens, and Salmonella spp. (10,18,20). 
Decreases in viral gastrointestinal diseases were at-
tributed to the primary transmission route being fe-
cal–oral contamination or direct contact between per-
sons. In contrast, bacterial gastrointestinal infections 
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We investigated trends in notifiable infectious diseases 
in both humans and animals during the COVID-19 pan-
demic in South Korea and compared those data against 
expected trends had nonpharmaceutical interventions 
(NPIs) not been implemented. We found that human 
respiratory infectious diseases other than COVID-19 
decreased by an average of 54.7% after NPIs were 
introduced. On the basis of that trend, we estimated 
that annual medical expenses associated with respira-
tory infections other than COVID-19 also decreased by 
3.8% in 2020 and 18.9% in 2021. However, human gas-
trointestinal infectious diseases and livestock diseases 
exhibited similar or even higher incidence rates after 
NPIs were instituted. Our investigation revealed that the 
preventive effect of NPIs varied among diseases and 
that NPIs might have had limited effectiveness in reduc-
ing the spread of certain types of infectious diseases. 
These findings suggest the need for future, novel public 
health interventions to compensate for such limitations.
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are mainly foodborne illnesses attributable to con-
suming contaminated food or water (21). 

We focused on nationally notifiable infectious 
diseases in humans and livestock, using data col-
lected after 2020. We sought to quantify the effect of 
nationally implemented NPIs in South Korea on the 
trends of infectious diseases other than COVID-19, to 
evaluate the benefits and drawbacks of NPIs, and to 
provide scientific evidence informing future health 
policy decisions aimed at mitigating various types 
of infectious diseases. We focused our study on the 
period from 2016 through the end of 2021, a period 
of social distancing in South Korea instituted in re-
sponse to the COVID-19 pandemic. In the first half of 
2022, NPIs were tapered back, as were their potential 
attenuation effects. To quantify the effect of NPIs in 
South Korea, we built time series models (22) for 6 
respiratory human infectious diseases, 4 human gas-
trointestinal diseases, and 2 livestock diseases. 

Methods

Study Design
We retrospectively analyzed the effect of COVID-19–
associated NPIs on incidence of infectious diseases 
in South Korea. We used the following criteria in 
selecting target infectious diseases from among the 
nationally notifiable diseases: human infectious dis-
eases with a principal mode of transmission that is 
respiratory (airborne or droplets) or gastrointestinal 
(foodborne or via fecal–oral route); animal infec-
tious diseases with a risk for zoonotic transmission; 
and diseases with an annual average incidence >100 
cases. Acknowledging that the effects of NPIs might 
not be fully applicable to certain infectious diseases 
that require isolation after diagnosis or symptom on-
set, we nonetheless theorized that implementation 
of NPIs in a population can potentially suppress the 
spread caused by asymptomatic carriers or infectious 
persons before isolation. We therefore included such 
diseases as target infectious diseases in this study. We 
defined the preintervention period as January 2016–
February 2020 and the intervention period as March 
2020–December 2021. From May 2022 onward, the 
outdoor mask mandate was conditionally lifted.

We used autoregressive integrated moving av-
erage (ARIMA) models to forecast disease incidence 
during the intervention period on the basis of patterns 
in the preintervention period and compared predict-
ed values with observed values in the intervention 
period. The time-dependent reproduction number 
(Rt) affords an optimal understanding of the trans-
mission dynamics of respiratory infectious diseases 

(23). Therefore, we calculated Rt values for respirato-
ry infectious diseases during time series forecasting.

Previous studies investigating the effects of  
COVID-19 and NPIs on other diseases suggest that 
the reduced burden of target diseases during the early 
stages of the COVID-19 pandemic could be attributed 
to pandemic-related decreases in healthcare utilization 
and disease diagnoses (19). To adjust for the effect of de-
creased healthcare utilization, we collected information 
on annual hospital visits (24) and annual health insur-
ance claims (25) (Appendix 1 Table 1, https://wwwnc.
cdc.gov/EID/article/30/6/23-1422-App1.pdf), and 
used those numbers as denominators when calculating 
disease incidence. When calculating incidence rates per 
population, we collected annual midyear population 
data for each year in South Korea (26). We also obtained 
total annual medical expenses associated with each in-
fectious disease to evaluate how changes in disease oc-
currence after NPI implementation might have affected 
the overall disease burden (27). We calculated annual 
medical expenses per case using Health Insurance Re-
view and Assessment Service data from 2018–2021 (27). 
Then, we multiplied expenses per case by the estimat-
ed and observed cases of each disease to determine the 
model-based medical costs and observation-based val-
ues for each disease. We compared those values when 
assessing changes in the overall disease burden.

Social Distancing Measures
In February 2020, in response to the COVID-19 out-
break in China, South Korea implemented a universal 
mask mandate and recommended physical distanc-
ing (Table 1). After the increase in COVID-19 cases 
in South Korea, nationwide social distancing require-
ments were implemented with various restrictions 
starting in March 2020 (28). During the initial phase 
of the COVID-19 pandemic, the Distancing in Daily 
Life strategy was put into practice in South Korea 
(29). After multiple outbreaks occurred near metro-
politan areas, the Distancing in Daily Life strategy 
was restructured on June 28, 2020, into a 3-tier social 
distancing system that consisted of levels 1, 2, and 3 
(Appendix 1 Table 2) (1). In November 2020, the so-
cial distancing system was reorganized into a 5-tier 
structure that consisted of levels 1, 1.5, 2, 2.5, and 3 
(Appendix 1 Table 3). Subsequently, in July 2021, the 
system was modified to a 4-tier structure that consist-
ed of levels 1, 2, 3, and 4 (Appendix 1 Table 4) (29). In 
this study, we documented the policy changes based 
on the 4-tier structure; we did not consider any rapid 
changes within short periods (e.g., 1–2 weeks or 1 
month) because they might not have been adequately 
effective (Figure 1).
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Data Acquisition
We collected data on the weekly and monthly do-
mestic cases of nationally notifiable infectious dis-
eases from the Infectious Disease Portal of the Ko-
rea Disease Control and Prevention Agency (30). To 
minimize sampling bias and ensure that our analysis 
was robust despite the COVID-19–related decrease in 
healthcare utilization, we focused on only infectious 
diseases listed in the mandatory surveillance system. 
We collected records on cases of 6 respiratory infec-
tious diseases (varicella, pertussis, mumps, invasive 
pneumococcal disease [IPD], scarlet fever, and tuber-
culosis [TB]); 4 gastrointestinal diseases (typhoid fe-
ver, shigellosis, hepatitis A, and enterohemorrhagic 
Escherichia coli [EHEC]) that occurred during Janu-
ary 2016–December 2021 (Appendix 1 Table 5).

We collected data from the Korea Animal Health 
Integrated System in investigating animal diseas-
es with zoonotic potential (31). The Korea Animal 
Health Integrated System is a comprehensive system 
operated by the Animal and Plant Quarantine Agency 

that integrates and provides nationwide information 
on livestock diseases. We selected 2 livestock diseases 
(cattle TB and cattle brucellosis) and collected occur-
rence data for January 2016–December 2021 (Appen-
dix 1 Table 5). We focused on cattle TB and cattle bru-
cellosis because those diseases pose risks for human 
infection and annual cases are numerous. We then in-
vestigated the effects of NPIs. We also collected data 
relating to the annual number of livestock and the an-
nual scale of livestock farming (32) when calculating 
incidence rates relative to the livestock population.

Rt Estimation
Rt represents the average number of new infections 
generated by an infected person during the infectious 
period. This time- and context-specific measure is fre-
quently used to assess the transmissibility of a patho-
gen during an outbreak. Therefore, in this study, we 
used Rt to reflect the dynamics of respiratory infec-
tious diseases accurately when estimating the effec-
tiveness of NPIs. We estimated the incidence levels 
of infectious diseases within the population and as-
sessed trends in disease occurrence, except for TB, on 
the basis of Rt. Although TB is a respiratory infectious 
disease, we did not calculate Rt because of the com-
plex transmission routes and long latent period; rath-
er, we used reported cases for time series forecasting 
of tuberculosis. The calculation of Rt was based on ex-
amples from previous studies (23,33–35) (Appendix 
2, https://wwwnc.cdc.gov/EID/article/30/6/23-
1422-App2.pdf).

Time Series Analysis
The ARIMA model is a time series forecasting tech-
nique that incorporates elements of an autoregressive 
moving average when making predictions (22). Au-
toregression of time series data shows how past val-
ues influence the current value. The moving average  
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Table 1. Changes in social distancing policies used in a study of 
trends in nationally notifiable infectious diseases in humans and 
animals during COVID-19 pandemic, South Korea 
Time period and social 
distancing level 

General description of terms 

June 2020–November 2020  
 1 Distancing in daily life 
 2 Moderate social distancing 
 3 Intensive social distancing 
November 2020–July 2021  
 1 Distancing in daily life 
 1.5 Local outbreak initiation 
 2 Rapid local spread, nationwide 

spread initiation 
 2.5 Nationwide outbreak intensification 
 3 Nationwide major epidemic 
July 27, 2021 onward  
 1 Sustained suppression phase 
 2 Regional outbreak 
 3 Regional epidemic 
 4 Nationwide epidemic 
 

Figure 1. Daily numbers of 
confirmed cases and 7-day 
rolling average numbers 
of COVID-19 cases in a 
study of trends in nationally 
notifiable infectious diseases 
in humans and animals during 
the COVID-19 pandemic, 
South Korea. Phase and level 
information is provided in 
Tables 2 and 3. The levels of 
nonpharmaceutical interventions 
depicted in this figure are those 
of the 4-tier system implemented 
in July 2021.
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indicates how prediction errors affect the current 
value. This component adjusts for irregularities in 
the time series by using past prediction errors to cor-
rect the current value. The model is commonly used 
to predict the short-term impacts and trends of acute 
infectious diseases (9,22). Time series forecasting 
based on the Box-Jenkins method features 4 steps: 
identification, estimation, diagnostic checking, and 
forecasting (36). We used those steps when making 
predictions. In addition, we conducted out-of-sample 
validation to confirm the predictive performance of 
the model and ensure that the model had not over-
fitted the training data. In the validation process, 
we used data from 2015–2018 as training data and 
predicted and compared the trends for 2019 with 
the observed values (Appendix 2). We performed 
all data processing and analyses using R version  
4.2.2 (The R Foundation for Statistical Computing, 
https://www.r-project.org). 

Results

Incidences of Human Respiratory Diseases
After nationwide social distancing measures were put 
in place in South Korea in March 2020 (Figure 1), con-
siderable decreases in the weekly reported case num-
bers for human respiratory diseases were observed 
(Table 2). The mean weekly incidence levels (cases/1 
million population) for 2016–2019 varied for each 
disease: varicella, 30.11; pertussis, 0.18; mumps, 6.95; 
IPD, 0.21; scarlet fever, 5.57; and TB, 13.13. However, 
after implementation of NPIs, the mean weekly inci-
dence levels for 2020–2021 substantially decreased, 
and showed slight variations among the phases:  

varicella, 12.09; pertussis, 0.05; mumps, 4.00; IPD, 
0.13; scarlet fever, 0.80; and TB, 9.16. The annual med-
ical expenses associated with respiratory infectious 
diseases decreased by 3.77% in 2020, compared with 
the value calculated using the average estimated in-
cidence; the value decreased by an additional 18.91% 
in 2021 (Table 3). Whereas medical expenses related 
to respiratory infectious diseases exhibited an over-
all decreasing trend, TB-related expenses showed a 
slight increase in 2020; scarlet fever–related expenses 
also exhibited a slight increase in 2021.

ARIMA models (Appendix 1 Tables 7–19, Figures 
1–12) showed that, except for TB, the actual incidence 
of diseases examined during the intervention period 
were substantially lower than the predicted incidence 
(Figure 2, panels A–J, http://wwwnc.cdc.gov/EID/
article/30/6/23-1422-F2.htm). The incidence levels 
of TB were lower than the predicted values, but the 
average predicted values were within 25.6% of the 
numbers of reported cases. Although the average 
predicted values decreased, compared with predicted 
values, after the implementation of social distancing 
measures, the observed incidence remained at levels 
similar to the predicted values from the second half of 
2020 (Figure 2, panels K, L).

Incidence of Human Gastrointestinal Diseases
Unlike for respiratory infectious diseases, the inci-
dence of the 4 gastrointestinal diseases did not ex-
hibit remarkable decreases after the implementation 
of NPIs (Table 2). The mean weekly incidence lev-
els (cases/1 million population) for 2016–2019 var-
ied among the diseases: typhoid, 0.04; shigellosis, 
0.02; hepatitis A, 3.02; and EHEC, 0.05. Although we  
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Table 2. Weekly average incidences of diseases included in study of trends in nationally notifiable infectious diseases in humans and 
animals during COVID-19 pandemic, South Korea* 

Disease 2016–2019 
2020–2021 

Overall Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 
Human, cases/1 million population        
 Respiratory diseases 

       

  Varicella 30.11 12.09 25.76 9.29 9.31 8.27 7.81 
  Pertussis 0.18 0.05 0.17 0.03 0.01 0.01 0.01 
  Mumps 6.95 4.00 3.89 4.28 4.34 3.29 4.21 
  Invasive pneumococcal disease 0.21 0.13 0.28 0.11 0.08 0.1 0.1 
  Scarlet fever 5.57 0.80 2.12 0.76 0.59 0.34 0.21 
  Tuberculosis 13.13 9.16 10.02 9.17 9.31 8.94 8.34 
 Gastrointestinal or enteroviral diseases 

       

  Typhoid 0.04 0.03 0.03 0.05 0.04 0.02 0.03 
  Shigellosis 0.02 0.02 0.03 0.04 0.01 0.01 0.01 
  Hepatitis A 3.02 1.91 1.37 1.58 1.59 2.48 2.53 
  Enterohemorrhagic Escherichia coli 0.05 0.12 0.04 0.23 0.21 0.06 0.06 
Veterinary, cases/100,000 animals 

       

 Bovine tuberculosis 2.19 1.29 1.04 1.82 1.43 1.27 0.91 
 Bovine brucellosis 0.49 0.61 0.41 0.51 0.55 0.83 0.74 
*Detailed information on social distancing policies is provided in Appendix 1 Tables 2–4 (https://wwwnc.cdc.gov/EID/article/30/6/23-1422-App1.pdf). 
Phase 1, border screening policies, February 20–March 21, 2020; phase 2, enhanced social distancing, March 22–June 27, 2020; phase 3, social 
distancing level 1, June 28–August 22, 2020; phase 4, social distancing level 2, August 23, 2020–July 26, 2021; phase 5, social distancing level 4, July 
27–December 31, 2021. 
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observed slight variations among the phases, the mean 
weekly incidence levels for 2020–2021 after imple-
mentation of social distancing measures were as fol-
lows: typhoid, 0.03; shigellosis, 0.02; hepatitis A, 1.91; 
and EHEC, 0.12. Annual medical expenses associated 
with gastrointestinal infectious diseases decreased by 
18.49% in 2020, compared with the value calculated by 
using the average estimated incidence; the value in-
creased by 4.53% in 2021 (Table 3). The trend in medi-
cal expenses associated with gastrointestinal infectious 
diseases varied depending on the specific condition; 
different trends were observed for each disease.

ARIMA models (Appendix 1 Tables 7, 20–27, Fig-
ures 13–20) Showed that the observed incidence lev-
els of gastrointestinal diseases were generally close 
to the average predicted values (Figure 3). Howev-
er, unexpected outbreaks of typhoid and EHEC oc-
curred, resulting in higher observed incidence levels 
than predicted (Figure 3, panels A, B, G, H).

Incidence of Zoonotic Diseases in Animals
Comparisons of the periods before and after imple-
mentation of NPIs revealed contrasting patterns for 
bovine TB and bovine brucellosis (Table 2). The mean 
weekly incidence (cases/100,000 cattle) for 2016–2019 
varied between the diseases: bovine TB, 2.19; and 
bovine brucellosis, 0.49. Although slight variations 
were observed among the phases, the mean weekly 
incidence levels for 2020–2021 after implementation 
of social distancing measures were as follows: bovine 
TB, 1.29; bovine brucellosis, 0.61.

ARIMA models (Appendix 1 Tables 7, 28–31, Fig-
ures 21–24) showed that incidence levels of bovine TB 

were noticeably lower than expected from the end of 
2020 (Figure 4, panels A, B). In contrast, the incidence 
of bovine brucellosis rapidly increased and reached a 
record high in June 2021 (Figure 4, panels C, D).

Discussion
We used national surveillance data on notifiable in-
fectious diseases in South Korea from 2016–2021 
to examine how NPI implementation to control the  
COVID-19 pandemic affected patterns of various oth-
er diseases. We used data from 2016–2019 to develop 
a reliable time series model and then predicted the 
incidence of communicable diseases for 2020–2021 
under the assumption that NPIs had not been imple-
mented. By comparing the model-predicted values 
with observed values, we found that the incidence 
of respiratory infectious diseases decreased consid-
erably after the implementation of NPIs. However, 
the incidence of human gastrointestinal infectious 
diseases and livestock diseases remained comparable 
or even increased after NPIs were implemented. The 
overall medical expenses associated with infectious 
diseases other than COVID-19 decreased by 5.17% in 
2020 and 16.14% in 2021 compared with the predicted 
values (Table 3). Our findings offer valuable insights 
for implementing appropriate control measures dur-
ing future epidemics.

The reductions in and the continuously low in-
cidence levels of respiratory infectious diseases in 
South Korea during the COVID-19 pandemic can be 
attributed principally to the extensive adoption of 
NPIs. Regardless of whether the infectious agent was 
a bacterium (pertussis, scarlet fever, IPD, and TB) or 
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Table 3. Annual medical expenses due to infectious diseases in a study of trends in nationally notifiable infectious diseases in humans 
and animals during COVID-19 pandemic, South Korea* 

Diseases 

Expenses, in million USD 

Observed,  
2018 

Observed,  
2019 

Estimated, 2020 Observed, 
2020 (% 

difference)† 

Estimated, 2021 Observed, 
2021 (% 

difference)‡ 
Lower 
95% Average 

Upper 
95% 

Lower 
95% Average 

Upper 
95% 

Respiratory  
          

 Varicella 5,399 5,590 3,704 7,153 13,548 2,675 (−62.61) 2,692 6,559 16,001 1,971 (−69.95) 
 Pertussis 544 298 44 380 1,171 42 (−88.98) 13 409 1,900 6 (−98.65) 
 Mumps 1,283 1,445 1,203 1,552 2,189 790 (−49.08) 1,066 1,532 2,203 775 (−49.42) 
 IPD 1,988 1,686 1,305 2,920 6,437 1,360 (−53.41) 1,305 3,370 8,717 1,116 (−66.87) 
 Scarlet fever 1,283 691 182 465 947 317 (−31.80) 28 124 567 154 (24.27) 
 Tuberculosis 61,241 63,535 42,695 48,705 55,593 53,681 (10.21) 48,536 59,956 74,117 54,324 (−9.39) 
Subtotal 71,738 73,244 49,134 61,174 79,886 58,864 (−3.77) 53,640 71,951 103,505 58,345 (−18.91) 
Gastrointestinal  

          

 Typhoid 153 41 6 17 62 27 (89.81) 5 22 102 41 (90.625) 
 Shigellosis 36 49 6 22 40 12 (−46.86) 3 21 126 15 (−28.06) 
 Hepatitis A 2,248 27,297 1,477 6,193 22,857 4,820 (−22.17) 1,466 9,407 60,328 9,769 (3.85) 
 EHEC 120 157 94 176 275 364 (106.61) 86 184 388 244 (33.06) 
Subtotal 2,557 27,544 1,583 6,408 23,234 5,223 (−18.49) 1,560 9,633 60,945 10,070 (4.53) 
Total 74,295 100,788 50,717 67,582 103,120 64,087 (−5.17) 55,201 81,584 164,450 68,415 (−16.14) 
*EHEC, enterohemorrhagic Escherichia coli; IPD, invasive pneumococcal disease; USD, US dollars. 
†Difference from average estimates for 2020. 
‡Difference from average estimates for 2021. 
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a virus (varicella and mumps), respiratory infectious 
diseases transmitted via droplets, fomites, or direct 
contact generally exhibited lower incidence levels af-
ter implementation of NPIs; most of those trends per-
sisted until the end of 2021. The sharp decline in the 
respiratory infectious disease incidence after imple-
mentation of NPIs was consistent with the findings of 
previous studies on the occurrence trends of respira-
tory infectious diseases in South Korea (5,15–17,37,38) 
and the findings of studies that focused on respirato-
ry infectious disease patterns in other countries, such 
as China and the United States (9,39–41). 

After NPI implementation, the number of mumps 
cases remained lower than predicted. However,  

beginning in October 2021, the number of cases in-
creased above the expected value. That change can 
be attributed to the nationwide relaxation of school 
attendance criteria in the fall semester of 2021, which 
led to more outbreaks in schools. Mumps is com-
monly observed among adolescents 13–18 years of 
age and frequently spreads in settings where persons 
engage in group activities (e.g., schools) (42). There-
fore, precautions are needed to prevent a mumps re-
surgence after cessation of NPIs.

TB exhibited a slightly different pattern from 
those of other respiratory infectious diseases. In the 
early stages of NPI implementation, the number of 
cases noticeably decreased. However, beginning in 
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Figure 3. Incidence trends (cases/1 million population) in 4 nationally notifiable gastrointestinal infectious diseases in humans before 
and during the COVID-19 pandemic, South Korea. A, C, E, G) Monthly incidence levels retrieved from the national surveillance system 
for 2016–2019 versus 2020–2021; B, D, F, H) observed and predicted monthly incidence levels during 2016–2021. A, B) typhoid; C, D) 
hepatitis A; E, F) shigellosis; and G, H) Escherichia coli.
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the second half of 2020, we saw little or no differ-
ence between the observed and the predicted val-
ues. Reductions in TB notifications in early 2020, 
because of complex factors affecting disease diag-
nosis, have been reported in several countries, in-
cluding South Korea (19,43). However, the effects 
of NPIs known to prevent acute infections were 
limited in suppressing TB cases in South Korea in 
the medium- to long-term because a many cases are 
presumed to arise when latent infections progress 
to active TB disease (19,44). Thus, even if NPIs are 
implemented, the existing strategies focusing on 
prophylactic treatment to prevent new infections 
and treating latent infections to prevent active TB 
onset still need to be incorporated.

The incidence of gastrointestinal diseases did not 
decrease after implementation of NPIs. Studies using 
data from countries such as China (9) and the United 
States (45) revealed notable decreases in most gastro-
intestinal infectious diseases after NPI implementa-
tion. Although the dissimilar contexts hinder direct 
comparisons, differences in the extent of NPIs and ac-
cessibility to medical services might explain the dis-
crepancies. In the early stages of the COVID-19 pan-
demic, China and the United States put in place strict 
social distancing measures and emphasized stay-at-
home orders. In contrast, South Korea used less strict 
policies that focused on personal hygiene measures. 
Therefore, the effectiveness of NPIs in terms of con-
trolling infectious diseases might have varied among 

countries, and the decrease in healthcare facility 
utilization may have been smaller in South Korea 
(18,19,45). In addition, the gastrointestinal diseases 
included in this study were primarily foodborne dis-
eases that commence after consumption of contami-
nated food or water (20). Therefore, the occurrence of 
the foodborne diseases included might not have been 
greatly affected by personal hygiene enhancement or 
social distancing measures.

This study revealed inconsistent temporal trends 
between the 2 target zoonotic diseases in industrial 
animals: bovine TB and brucellosis. The increased in-
cidence of brucellosis was consistent with the prior 
predictions. Social distancing is likely to compromise 
appropriate veterinary care and restrict the logistical 
activities necessary for good livestock management 
(11). Moreover, in South Korea, the number of cattle 
farms increased during social distancing, possibly 
because of the increased profit to be made from beef 
(46). The sudden increases in disease incidence could 
indicate an increased number of inexperienced cattle 
owners, which would influence management quality. 
Because the primary route of brucellosis transmission 
is associated with the mass movement of infected 
cattle (47), inexperienced owners might need to re-
quire better brucellosis screening skills. However, ac-
curate indicators of livestock movement during the  
COVID-19 period could not be collected. In contrast, 
the decreased incidence of bovine TB differed from 
our expectations. One possible explanation is that 
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Figure 4. Incidence trends (cases/100,000 animals) in 2 nationally notifiable zoonotic infectious diseases in animals before and 
during the COVID-19 pandemic, South Korea. A, C) Monthly incidence levels retrieved from the national surveillance system for 
2016–2019 versus 2020–2021; B, D) observed and predicted monthly incidence levels during 2016–2021. A, B) Bovine tuberculosis; 
C, D) bovine brucellosis.
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bovine TB surveillance increased in South Korea; the 
number of cattle screened for bovine tuberculosis in-
fection has risen since 2017, as has the relevant budget 
(Appendix 1 Table 32) (48). Because early detection 
via effective surveillance plays a key role in control-
ling chronic diseases with long latent periods, the 
decreased incidence might be explained by effective 
surveillance efforts.

The first limitation of this study is that the inci-
dence levels of infectious diseases are influenced by 
various factors, including population immunity, sea-
sonal changes, climatic features, and human mobility 
patterns. Thus, drawing causal inferences regarding 
the effects of social distancing measures and changes 
on disease patterns is challenging. We can only inter-
pret and analyze potential influencing factors. Sec-
ond, the observed decreases in the incidence of certain 
infectious diseases might not solely reflect the effects 
of NPIs on incidence rates. The decreases also could 
be influenced by other pandemic-related factors, in-
cluding healthcare utilization. Thus, we examined 
annual hospital visits and health insurance claims 
to adjust for any changes in healthcare utilization. 
However, biases might have persisted in terms of al-
tered healthcare-seeking behaviors and surveillance 
capacities. Moreover, given the strict infection control 
regulations, healthcare utilization by symptomatic 
patients was particularly restricted. Therefore, the 
data on healthcare utilization among all patients con-
sidered in this study might not fully reflect the reduc-
tion in healthcare use by those with symptoms. Third, 
although ARIMA is a well-established and practical 
technology for infectious disease forecasting (22,41), 
the method has limitations in distinguishing various 
factors that affect transmission, such as genetic strain 
and latent infections. Furthermore, ARIMA might not 
be the most appropriate method for long-term pre-
dictions. However, the infectious diseases targeted in 
this study generally exhibit stable trends, with clear 
seasonal variabilities, and the fitted models indeed 
exhibited relatively good fits with the training data 
and reasonably good predictive performances, as 
confirmed by out-of-sample validation. In addition, 
the time-series forecasting models were used in pre-
vious studies to predict influenza virus activity for 
2020–2022 (49), or to estimate excess mortality during 
the COVID-19 period, 2020–2021 (50). Therefore, we 
believe that the reliability of long-term predictions of 
the incidence of the chosen diseases remains robust. 
Thus, we used the ARIMA approach (a descriptive 
method) to present our results. Finally, this study did 
not consider demographic information, such as age 
and sex.

In conclusion, the implementation of NPIs con-
siderably reduced the incidence of infectious diseases 
transmitted via respiratory routes or direct person-to-
person contact in South Korea, a trend that continued 
until late 2021. Although identifying a single factor 
that explains changes in the incidence of all infectious 
diseases is difficult, the concurrent implementation of 
NPIs at various levels (individual, community, envi-
ronmental, and national), along with behavioral chang-
es, likely played a key role in reducing community 
transmission and alleviating the associated healthcare 
burden. Therefore, comprehensive NPI strategies are 
critical public health considerations for controlling in-
fectious diseases and preparing for future pandemics.

The R code used in this study is publicly available 
(https://github.com/TaeHChang/For-the-Paper-4). The 
complete dataset is available upon request from the authors.
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More than 1 million human illnesses re-
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Invasive Streptococcus pneumoniae infections can 
cause deadly diseases such as meningitis and bacte-

remia. In Denmark, children <2 years of age have been 
routinely vaccinated against pneumococcal disease 
with pneumococcal conjugate vaccine (PCV): a 7-va-
lent PCV (PCV7) since October 2007 and a 13-valent 

PCV (PCV13) since 2010 (1,2). For adults, pneumocco-
cal vaccination has only been recommended for those 
at increased risk for pneumococcal disease; whereas 
childhood vaccinations were free, adults had to pay. 
After PCV vaccines were added to the childhood vac-
cination program, the rate of invasive pneumococcal 
disease (IPD) declined drastically in children <2 years 
of age, and a simultaneus but less pronounced decline 
was detected in those >65 years of age due to herd im-
munity (1). The serotype distribution also changed in 
the oldest age group; whereas non-PCV13 serotypes 
accounted for 30% of IPD cases before the introduc-
tion of PCV in the childhood vaccination program, 
they accounted for 59% during 2011–2013 (1).

During the COVID-19 pandemic, there was a fo-
cus on preventing hospitalizations in those >65 years 
of age, who are at increased risk for both IPD (3,4) and 
severe COVID-19 (5,6). Therefore, the government of 
Denmark initiated a vaccination program to prevent 
IPD, using the 23-valent pneumococcal polysaccha-
ride vaccine (PPSV23), aimed at persons >65 years of 
age (7). The program started on April 22, 2020, and 
was first aimed at persons >65 years of age who had 
an increased risk for IPD (e.g., those with chronic lung 
or heart disease). On June 15, 2020, the program was 
expanded to include all persons >65 years of age and 
ran until January 15, 2023. During the first year of the 
program, 61% of Denmark residents >65 years of age 
were vaccinated with PPSV23 (8). The most common 
IPD-causing serotypes in persons >65 years of age 
in Denmark during the study period were 3 (19%), 
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As a follow-up to a previous study, we investigated vaccine 
effectiveness (VE) of 23-valent pneumococcal polysac-
charide vaccine (PPSV23) against invasive pneumococ-
cal disease (IPD) among 1,254,498 persons >65 years of 
age as part of a vaccination program in Denmark during 
April 2020–January 2023. We assessed VE by using a 
Cox regression model and adjusted for age, sex, and un-
derlying conditions. Using nationwide data, we estimated 
a VE of PPSV23 against all-type IPD of 32% and against 
PPSV23-serotype IPD of 41%. Because this follow-up 
study had more statistical power than the original study, 
we also estimated VE against IPD caused by PPSV23-
serotypes excluding serotype 3; serotype 3; serotype 8; 
serotype 22F; PPSV23 non-PCV15 serotypes; PPSV23 
non-PCV20 serotypes; and IPD over time. Our findings 
suggest PPSV23 vaccination can protect persons >65 
years of age against IPD caused by all serotypes or sero-
type groupings, except serotype 3.



Effectiveness of PPSV23, Denmark

8 (12%) and 22F (7%). All 3 serotypes are included in 
PPSV23. PPSV23 has previously been shown to have 
an effect against IPD caused by the included sero-
types in persons >60 years of age, although the effec-
tiveness levels covered a wide range, from 24% (95% 
CI 10%–36%) to 72% (95% CI 46%–85%) (9–15).

We previously estimated the vaccine effective-
ness (VE) of PPV23 for part of the vaccination pro-
gram (June 15, 2020–September 18, 2021) (9). In this 
new study, we aimed to evaluate the real-life effec-
tiveness of PPSV23 against IPD in persons >65 years 
of age in Denmark after a widely accepted vaccina-
tion program that ran during the period April 22, 
2020–March 15, 2023. The longer study period and 
the inclusion of persons who turned 65 years of age 
during the study period enabled us to estimate VE 
for specific serotypes and for serotypes included in 
different types of pneumococcal vaccines, thereby 
adding new knowledge to the previous study. The 
primary outcomes were VE against all-type IPD and 
PPSV23-vaccine type IPD. Exploratory outcomes 
were VE against PPSV23-vaccine type IPD excluding 
serotype 3, VE against the most common IPD-causing 
serotypes in Denmark during the study period (3, 8, 
and 22F), and VE against serotypes present in PPSV23 
but not in the now available 15-valent pneumococ-
cal conjugate vaccine (PCV15) (i.e., serotypes 8, 10A, 
11A, 12F, 15B, 2, 9N, 17F, and 20) or in the 20-valent 
pneumococcal conjugate vaccine (PVC20) (i.e., sero-
types 2, 9N, 17F, and 20). In addition, we estimated 
VE over time, where statistical power allowed. The 
aim of this study was to explore the unique context of 
widespread PPSV23 vaccination directed at an entire 
population >65 years of age in a high-income coun-
try. We sought to gain insights into the effectiveness 
of PPSV23 vaccination 2 years after its introduction. 
The investigation includes extensive nationwide data 
within a high vaccination coverage setting, incorpo-
rating serotype-specific analyses.

We used administrative register data for the 
study. According to Danish law, ethics approval 
is exempt for such research, and the Danish Data 
Protection Agency thus waives ethical approval for 
our study of administrative register data, when no 
individual contact of participants is necessary and 
only aggregate results are included as findings. The 
study is therefore fully compliant with all legal and 
ethical requirements.

Methods
All residents of Denmark are assigned a unique per-
sonal identification number known as a CPR num-
ber. The CPR number enables person-level linkage 

among a variety of nationwide registries (16). This 
study used 4 registries: The Danish Civil Registration 
System (CPR register), The Danish Vaccination Regis-
ter (DVR), the Danish Microbiology Database (MiBa), 
and the Danish National Patient Registry (DNPR).

We retrieved information on age, sex, and mi-
gration from the CPR register. Using Anatomic 
Therapeutic Chemical (ATC) classification codes 
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/30/6/23-0975-App1.pdf), we retrieved infor-
mation on vaccine type and date of administration 
from the DVR, in which all administered vaccines 
have been recorded by law since 2015 (17). We ob-
tained information on comorbidities within 5 years 
of study entry and exit from the DNPR, which holds 
information on all hospital admissions (except to 
psychiatric wards) with diagnoses coded according 
to the International Classification of Diseases, 10th 
Revision (ICD-10; Appendix Table 4) (16). We only 
considered the primary diagnosis. Selected comor-
bidities were based on the Charlson Comorbidity 
score (18,19) but counted as individual comorbidities 
and not given a score. We retrieved microbiologi-
cal data from MiBa, which holds information on all 
microbiological test results in Denmark (20). In this 
study, an IPD case was defined as a positive diag-
nostic test for S. pneumoniae from cerebrospinal fluid, 
blood, or other normally sterile sites (e.g., pleura). All 
registries are updated regularly and contain near–re-
al-time information.

The study period started on April 22, 2020, and 
ended on March 15, 2023. We chose the end date to 
allow time for potential cases of IPD to develop in 
persons vaccinated at the end of the program, and 
extracted data on IPD on March 29, 2023, to allow 
for a delay in registration. We collected data on pre-
viously administered vaccines for all persons in the 
cohort: influenza vaccine within 2 years before study 
entry, and PCV7 or PCV13 at any time before study 
entry. The data covering the period from June 15, 
2020–September 18, 2021, was also presented in the 
previous study (1).

We included all residents in Denmark who were 
>65 years of age or turned 65 years of age during the 
study period. We excluded persons who had evidence 
of previous laboratory-confirmed IPD because they 
are at increased risk for another IPD episode (21,22). 
We also excluded persons who received a PPSV23 
vaccine within 6 years before study entry so that we 
could assess VE for persons vaccinated within the 
vaccination program. Previous studies have shown 
a waning effect of PPSV23 VE over time (23–26), re-
sulting in a recommendation of re-vaccination every 
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6th year in Denmark (27). We followed all persons in 
the study until the date of IPD diagnosis, emigration, 
death, or the end of the study period.

Because the immune response to vaccination is 
delayed by 2–3 weeks (28,29), persons were censored 
from the unvaccinated group at date of vaccination 
and entered the vaccinated group 14 days after vac-
cination; that is, they were censored from the study 
during the 14 days in between. Hence, persons ac-
crued person-time in each group when appropri-
ate. For the analyses regarding specific serotypes or 
groups of specific serotypes, persons were censored 
with an event at date of IPD if the disease was caused 
by the serotype(s) of interest, otherwise they were 
considered to be without an event.

We conducted 2 sensitivity analyses. The first 
analysis assessed whether there was any effect of 
censoring 0–14 days after vaccination. In the main 
analyses, participants were censored from day 0–14 
after vaccination, and in the first sensitivity analysis, 
they were included as unvaccinated until 14 days af-
ter vaccination. The second analysis assessed whether 
there was any effect of including persons previously 
vaccinated with PCV. In the main analyses, partici-
pants were included regardless of previous vaccina-
tion with PCV. In the second sensitivity analysis, par-
ticipants who had received PCV at any time before 
the study were excluded, and those who received 
PCV during the study period were censored at date 
of vaccination.

We calculated VE estimates by using a Cox re-
gression model to estimate hazard ratios (HRs) with 
calendar time as the underlying timescale. We ad-
justed the estimates for age (restricted cubic spline), 
sex (male/female), and comorbidities (restricted 
cubic spline). We estimated VE using the formula 1 
– HR × 100% with 95% CIs. We estimated waning 
VE by considering time intervals since vaccination: 
14 days to 1 year, 1–2 years, and 2–3 years. Hence, 
some persons might contribute to risk time in all pe-
riods moving from group to group as time passes. 
We made all analyses by using R version 4.2.2 (The 
R Foundation for Statistical Computing, https://
www.r-project.org).

Results
During the study period, approximately 6,221,398 
persons resided in Denmark; approximately 1,358,914 
were >65 years of age or turned 65 years of age dur-
ing the study period. We excluded 100,448 persons 
vaccinated with PPSV23 within 6 years before study 
entry, and 3,952 persons who had prior IPD. Because 
of censoring 14 days after vaccination, 16 persons  

vaccinated on April 22, 2020, who died within 14 days 
of vaccination, did not contribute person-time in the 
study. The final study cohort consisted of 1,254,498 
persons (Figure), corresponding to 3,196,988 person-
years of follow-up.

We stratified the characteristics of included per-
sons at entry date and at the end of follow-up by vac-
cination status (Table 1). The median age at entry was 
72 years (interquartile range [IQR] 67–78 years), 74 
years (IQR 68–81 years) for those unvaccinated at exit, 
and 75 years (IQR 70–81 years) for those vaccinated 
with PPSV23 at exit. Most (77%) of the persons in the 
study subjects were vaccinated with PPSV23 during 
the study period. Persons in the PPSV23 vaccinated 
group were more likely than those in the PPSV23 
unvaccinated group to have been vaccinated against 
influenza within 2 years before study entry (55% vs. 
21%) and during the study period (97% vs. 34%).

A total of 513 persons (200 in the unvaccinated 
group and 313 in the vaccinated group) had IPD 
caused by any serotype during the study period (Ta-
ble 2). For PPSV23-serotype IPD, 134 events occurred 
in the unvaccinated group and 186 in the vaccinated 
group, whereas when serotype 3 was excluded, 105 
events occurred in the unvaccinated group and 102 in 
the vaccinated group. For specific serotypes analyzed 
in the unvaccinated versus vaccinated groups, there 
were 29 versus 84 serotype 3 events, 32 versus 27 se-
rotype 8 events, and 25 versus 9 serotype 22F events.

The estimated VE against all-type IPD was 32% 
(95% CI 18%–44%), and VE against PPSV23-serotype 
IPD was 41% (95% CI 25%–53%) (Table 2). When esti-
mating VE for PPSV23-serotype IPD but not consider-
ing serotype 3 as an event, we found a higher VE of 
58% (95% CI 43%–68%). VE against serotype 3 was 
−17% (95% CI −83% to 25%). We found the highest 
VE estimates for serotype 8 (62% [95% CI 36%–77%]) 
and serotype 22F (88% [95% CI 75%–95%]). VE for 
PPSV23 non-PCV15 serotype IPD (8, 10A, 11A, 12F, 
15B, 2, 9N, 17F, and 20) was 50% (95% CI 28%–65%). 
VE for PPSV23 non-PCV20 serotype IPD (2, 9N, 17F, 
and 20) was 61% (95% CI 10%–83%), largely powered 
by IPD caused by serotype 9N (21/32 events; data 
not shown). We were unable to assess VE against 
the PCV15/PCV20 non-PPSV23 serotype 6A because 
only 3 cases of IPD were caused by this serotype. 

The sensitivity analysis excluding persons who 
received PCV before study entry and censoring those 
who received PCV during the study period showed 
only minor changes in the point estimates compared 
with the estimates calculated when those persons 
were included. Most estimates increased slightly ex-
cept against all-type IPD or IPD caused by serotype 

1166 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 6, June 2024



Effectiveness of PPSV23, Denmark

22F (Appendix Table 2). The sensitivity analysis in-
cluding persons as unvaccinated day 0–14 after vacci-
nation showed no difference in the VE estimates com-
pared with the estimates calculated when persons in 
that time period were excluded (Appendix Table 3).

When estimating VE over time (Table 3), we 
found that VE remained stable but declined slightly 
2 years after vaccination. For all-type IPD, the VE 
was reduced from 39% to 27%. VE against PPSV23-
serotype IPD declined from 52% to 43% and from 
65% to 57% when excluding serotype 3. Protection 
against serotype 8 was high the first year after vac-
cination (86% [95% CI 54%–96%]), but estimates after 
1–2 years were not significant (46% [95% CI −35% to 
80%]). VE against serotype 22F remained very high, 
at 92% to 86%, but few events occurred (34).

Discussion
Using nationwide data, this cohort study shows that 
PPSV23 vaccination in persons >65 years old is associ-
ated with protection against all-type IPD, IPD caused 
by PPSV23 vaccine serotypes, and IPD caused by se-
rotypes 8 and 22F, specifically, but not IPD caused by 
serotype 3. Studies from Spain, Israel, Taiwan, Eng-
land, and Wales, as well as our previous study from 
Denmark, have shown PPSV23 VE against all-type 
IPD ranging from 42% (95% CI 19%–59%) to 70% (95% 
CI 48%–82%) (1,10,30–32) and against PPSV23-sero-
type IPD ranging from 24% (95% CI 10%–36%) to 72% 
(95% CI 46%–85%) in persons >60 years of age (1,10–
15). In this study, we found a lower estimate against 
all-type IPD (VE 32%), which could be the result of 
the higher age of our study population because the 
effect of PPSV23 lessens with age (33). The difference 
could also be because of differences in serotype dis-
tribution or comorbidities in the study populations, 
but unfortunately, not all studies have provided this 
level of detail or include the same comorbidities. Our 
estimate against PPSV23-serotype IPD (VE 41%) falls 
within the range of the VE found in previous stud-
ies. Compared with our previous study on PPSV23 
in Denmark (1), this follow-up study finds a lower 
VE against all-type IPD (42% vs. 32%) and PPSV23-
vaccine type IPD (58% vs. 41%). This study covers the 
entire vaccination program and includes persons of-
fered PPSV23 at the beginning of the program; that 
is, more vulnerable groups where the vaccine might 
not have the same effect. In this study, persons who 
received a vaccination were censored for 14 days af-
ter vaccination. In contrast, they were included in the 
unvaccinated group in the previous study. In this 
study, we performed a sensitivity analysis investi-
gating the effect of censoring persons 0–14 days after  

vaccination, which did not affect the VE estimates 
(Appendix Table 3).

Previous research has shown that the VE against 
IPD caused by serotype 3 is low to nonexistent, where-
as the VE against IPD caused by serotype 8 or 22F 
varies from low to moderate (11,13,34–36). Our study 
also showed no effect against IPD caused by serotype 
3; therefore, we estimated VE against PPSV23-vaccine 
type IPD excluding serotype 3. As expected, and seen 
before for overall VE against IPD (34), this estimate 
yields an increased VE of 58%, compared with 41%, 
and indicates that a VE including all PPSV23 vaccine 
serotypes might underestimate the effectiveness of 
the vaccine against the other 22 serotypes because of 
the poor effect against serotype 3. Because serotype 
3 continues to cause the most IPD cases of any sero-
type in those >65 years of age in Denmark, comparing 
studies including all PPSV23 vaccine serotypes shows 
the effectiveness of the vaccine on all the IPD cases 
that could potentially be prevented by PPSV23. How-
ever, that the effectiveness against serotype 3 clearly 
is very low. Estimating VE against PPSV23-serotype 
IPD excluding serotype 3 provides a better idea of 
how the vaccine works against the rest of the sero-
types grouped together and of how many cases we 
can actually hope to prevent by using this vaccine.
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effectiveness of 23-valent pneumococcal polysaccharide vaccine 
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In Denmark, serotype replacement is taking 
place, similar to what has been seen in other coun-
tries, and policy makers have to consider the indirect 
effect of pediatric vaccination against pneumococcal 
disease on the adult population (37). The incidence 
of IPD caused by serotype 8 increased after the intro-
duction of PCVs into the childhood vaccination pro-
gram (38,39); those vaccines do not include serotype 
8 (40), leaving room for that serotype to advance. In 
Denmark, such an increase occurred in age groups 
>15 years, and especially for persons >65 years of 
age (38). Our study shows that PPSV23 is effective 
against serotypes 8 and 22F and that a vaccination 
program might be an important factor in protecting 
persons >65 years of age against IPD caused by those 

serotypes. On the other hand, PCV13 vaccination in 
children in Denmark has not reduced the incidence 
of serotype 3 (41) in the population, and in our study, 
we still see serotype 3 causing most IPD cases among 
older adults. Unfortunately, vaccination with PPSV23 
is unlikely to reduce this burden because of the lack of 
effect on IPD caused by serotype 3. Other conjugated 
vaccines, such as PCV15 and PCV20, offer a broader 
serotype coverage than PCV13. Both contain 1 sero-
type that is not included in PPSV23 (serotype 6A) 
(42), whereas PPSV23 contains 9 serotypes not includ-
ed in PCV15 and 4 serotypes not included in PCV20 
(28). Of 513 cases of IPD included in this study, 138 
cases were caused by the PPSV23 non-PCV15 sero-
types, 32 by the PPSV23 non-PCV20 serotypes, and 3 

1168 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 6, June 2024

 
Table 1. Patient characteristics according to vaccination status in follow-up study of effectiveness of PPSV23 vaccine against invasive 
pneumococcal disease, Denmark* 

Characteristic 
Study population at 

entry 

Study population at exit 

Unvaccinated 
Vaccinated with PPSV23 
during the study period 

Total 1,254,498 (100) 288,383 966,115 
Sex    
 F 668,726 (53) 157,590 (55) 511,136 (53) 
 M 585,772 (47) 130,793 (45) 454,979 (47) 
Age, y    
 Median (IQR) 72 (67–78) 74 (68–81) 75 (70–81) 
 <75 760,980 (61) 150,620 (52) 436,070 (45) 
 75–84 373,294 (30) 91,009 (32) 391,251 (41) 
 >85 120,224 (9) 46,754 (16) 138,794 (14) 
Vaccination status    
 Received PCV7 or PCV13 before study entry 19,035 (2) 2,494 (1) 16,541 (2) 
 Received PCV7 or PCV13 during follow-up NA 1,500 (1) 15,558 (2) 
 Received influenza vaccine within 2 y before study entry 645,980 (52) 59,105 (21) 530,467 (55) 
 Received of influenza vaccine during follow-up NA 97,400 (34) 937,489 (97) 
No. underlying conditions†    
 0 1,017,954 (81) 204,788 (71) 652,863 (68) 
 1 198,611 (16) 60,364 (21) 231,957 (24) 
 2 32,047 (3) 17,334 (6) 61,742 (6) 
 >3 5,886 (0) 5,897 (2) 19,553 (2) 
Individual underlying conditions†    
 Myocardial infarction 18,684 (1) 4,433 (2) 16,507 (2) 
 Congestive heart failure 15,256 (1) 7,624 (3) 26,295 (3) 
 Peripheral vascular disease 23,780 (2) 8,761 (3) 35,072 (4) 
 Cerebrovascular disease 50,748 (4) 16,028 (6) 55,803 (6) 
 Dementia 16,044 (1) 7,354 (3) 25,564 (3) 
 Chronic pulmonary disease 24,074 (2) 7,948 (3) 36,996 (4) 
 Connective tissue disease 10,765 (1) 4,955 (2) 23,406 (2) 
 Ulcer disease 8,893 (1) 2,693 (1) 8,755 (1) 
 Mild liver disease 3,512 (0) 2,277 (1) 6,328 (1) 
 Diabetes mellitus 15,130 (1) 3,699 (1) 14,362 (1) 
 Hemiplegia 621 (0) 347 (0) 1,407 (0) 
 Moderate/severe renal disease 11,104 (1) 6,404 (2) 20,725 (2) 
 Diabetes with chronic complications 7,301 (1) 4,806 (2) 16,603 (2) 
 Any tumor 67,451 (5) 29,878 (10) 109,912 (11) 
 Leukemia 715 (0) 1,087 (0) 4,157 (0) 
 Lymphoma 1,471 (0) 1,969 (1) 7,998 (1) 
 Moderate/severe liver disease 1,120 (0) 823 (0) 1,681 (0) 
 Metastatic solid tumor 4,785 (0) 3,271 (1) 7,573 (1) 
 AIDS 37 (0) 159 (0) 539 (0) 
*Values are no. (%) except as indicated. Persons vaccinated with PPSV23 during follow-up contributed to the analysis for both unvaccinated and 
vaccinated. IQR, interquartile range; NA, not applicable; PCV7, 7-valent pneumococcal conjugate vaccine; PCV13, 13-valent pneumococcal conjugate 
vaccine; PPSV23, 23-valent polysaccharide pneumococcal vaccine.  
†Within 5 y before study entry (1st column) or within 5 y from end of follow-up (2nd and 3rd columns). 
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by the PCV15/PCV20 non-PPSV23 serotype 6A. Our 
findings indicate that persons >65 of age still suffer 
from IPD caused by PPSV23 non-PCV15/PCV20 se-
rotypes, and that PPSV23 offers protection, having a 
VE of 50% for PPSV23 non-PCV15 serotypes and 61% 
for PPSV23 non-PCV20 serotypes.

The first limitation of this study is that, for some 
analyses, few events occurred, which decreases the 

statistical power and results in wide 95% CIs when 
estimating VE. That finding was especially true for 
the PPSV23 non-PCV20 estimate. In this study, we 
also did not have enough follow-up time to evalu-
ate a waning effect beyond 3 years. However, we can 
conclude that only minor waning was seen during 
the study period. To detect the long-term durability 
of protection, a follow-up study should be conducted.
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Table 2. Effectiveness of PPSV23 vaccine against IPD compared with no vaccination in follow-up study, Denmark, April 22, 2020–
March 15, 2023* 

IPD type Vaccination status No. events Person-years 
VE, % (95% CI) 

Unadjusted Adjusted† 
All Unvaccinated 200 1,277,147 Referent 
 Vaccinated 313 1,919,841 26 (11–39) 32 (18–44) 
PPSV23 serotype  Unvaccinated 134 1,277,147 Referent 
 Vaccinated 186 1,919,841 36 (19–49) 41 (25–53) 
PPSV23 serotype excluding serotype 3 Unvaccinated 105 1,277,147 Referent 
 Vaccinated 102 1,919,841 54 (38–65) 58 (43–68) 
Serotype 3  Unvaccinated 29 1,277,147 Referent 
 Vaccinated 84 1,919,841 −25 (−95 to 20) −17 (−83 to 25) 
Serotype 8  Unvaccinated 32 1,277,147 Referent 
 Vaccinated 27 1,919,841 56 (27–74) 62 (36–77) 
Serotype 22F  Unvaccinated 25 1,277,147 Referent 
 Vaccinated 9 1,919,841 86 (70–94) 88 (75–95) 
PPSV23 non-PCV15 serotype‡ Unvaccinated 67 1,277,147 Referent 

Vaccinated 71 1,919,841 45 (21–61) 50 (28–65) 
PPSV23 non-PCV20 serotype§ Unvaccinated 18 1,277,147 Referent 

Vaccinated 14 1,919,841 57 (2–81) 61 (10–83) 
*IPD, invasive pneumococcal disease; PCV15, 15-valent pneumococcal conjugate vaccine; PCV20, 20-valent pneumococcal conjugate vaccine; 
PPSV23, 23-valent polysaccharide pneumococcal vaccine; VE, vaccine effectiveness. 
†Adjusted for age and comorbidities as a restricted cubic spline and sex as a categorical variable. 
‡Serotypes 8, 10A, 11A, 12F, 15B, 2, 9N, 17F, and 20. 
§Serotypes 2, 9N, 17F, and 20. 

 

 
Table 3. Hazard ratios and effectiveness of PPSV23 vaccine against IPD in follow-up study, comparing time since vaccination with 
PPSV23 with no vaccination, Denmark, April 22, 2020–March 15, 2023* 

IPD type Vaccination status No. events Person-years 
VE, % (95% CI) 

Unadjusted Adjusted† 
All Unvaccinated 200 1,277,147 Referent 
 0–1 y after vaccination 74 838,041 38 (18–53) 39 (19–53) 
 1–2 y after vaccination 131 728,480 24 (3–40) 30 (10–45) 

 2–3 y after vaccination 108 353,319 14 (−15 to 36) 27 (2–46) 
PPSV23 serotype  Unvaccinated 134 1,277,147 Referent 
 0–1 y after vaccination 38 838,041 51 (29–66) 52 (30–67) 
 1–2 y after vaccination 85 728,480 25 (−2 to 44) 30 (5–48) 

 2–3 y after vaccination 63 353,319 34 (5–54) 43 (19–61) 
PPSV23 serotype excluding serotype 3 Unvaccinated 105 1,277,147 Referent 
 0–1 y after vaccination 23 838,041 64 (43–78) 65 (44–78) 
 1–2 y after vaccination 44 728,480 47 (22–64) 52 (29–67) 

 2–3 y after vaccination 35 353,319 49 (20–68) 57 (32–73) 
Serotype 3  Unvaccinated 29 1,277,147 Referent 
 0–1 y after vaccination 15 838,041 −2 (−95 to 46) −2 (−94 to 47) 
 1–2 y after vaccination 41 728,480 −47 (−148 to 13) −39 (−135 to 18) 
 2–3 y after vaccination 28 353,319 −14 (−110 to 38) −1 (−87 to 46) 
Serotype 8  Unvaccinated 32 1,277,147 Referent 
 0–1 y after vaccination 3 838,041 86 (52–96) 86 (54–96) 
 1–2 y after vaccination 15 728,480 37 (−24 to 68) 46 (−8 to 73) 
 2–3 y after vaccination 9 353,319 34 (−71 to 74) 48 (−35 to 80) 
Serotype 22F Unvaccinated 25 1,277,147 Referent 
 0–1 y after vaccination 1 838,041 92 (40–99) 92 (39–99) 
 1–2 y after vaccination 3 728,480 88 (59–96) 89 (64–97) 
 2–3 y after vaccination 5 353,319 82 (47–94) 86 (60–95) 
*IPD, invasive pneumococcal disease; PCV15, 15-valent pneumococcal conjugate vaccine; PCV20, 20-valent pneumococcal conjugate vaccine; 
PPSV23, 23-valent polysaccharide pneumococcal vaccine; VE, vaccine effectiveness. 
†Adjusted for age and comorbidities as a restricted cubic spline and sex as a categorical variable. 
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Healthy vaccinee bias cannot be ruled out. In 
this study, 21% of unvaccinated persons received 
influenza vaccination before the study, compared 
with 55% among the vaccinated persons (Table 1). 
That finding indicates that persons who accept 1 
vaccination are more likely to accept another and 
that those vaccinated in general are more adher-
ent to the recommendations from public health 
authorities. However, the vaccinated persons are 
approximately the same age and have the same dis-
tribution of comorbidities as the unvaccinated per-
sons, which speaks against a healthy vaccinee bias. 
The similar distribution of comorbidities between 
the groups speaks against the opposite bias, con-
founding by indication, where those who are more 
at risk might be more likely to get vaccinated. To 
account for both those biases, we adjusted our re-
sults for comorbidities. Another limitation to this 
study is that the difference in influenza vaccination 
coverage between the groups of PPSV23 vaccinated 
(97%) and nonvaccinated (34%) persons increased 
during the study period because influenza vaccina-
tion might also reduce the risk for IPD (43), which 
could lead to an overestimation of the PPSV23 VE.

This study is strengthened by the comprehen-
siveness of the Denmark registries, enabling inclu-
sion of all residents >65 years of age. Similar to our 
previous study on PPSV23 VE in Denmark (1), the 
study period spans a time in which nonpharmaco-
logic restrictions were in place due to COVID-19. 
However, our study covers a longer period after 
those restrictions were lifted, when Denmark ex-
perienced a return to more normal levels of IPD 
cases. Thus, we believe that the VE found in this  
study reflects the VE in a setting without extraordi-
nary restrictions.

In conclusion, this study shows that persons >65 
years of age who are vaccinated with PPSV23 are 
protected against all-type IPD, PPSV23-serotype IPD, 
IPD caused by serotypes 8 and 22F, and IPD caused 
by PPSV23 non-PCV15/PCV20 serotypes, but not 
against IPD caused by serotype 3. In addition, the 
protection persists; VE only wanes marginally and in-
significantly over almost 3 years. These findings sup-
port a vaccination program with PPSV23 against IPD 
to protect those >65 years of age.

The data included in this research are part of the Danish 
national vaccination surveillance system at Statens Serum 
Institut. The data are available for research upon  
reasonable request and with permission from the Danish 
Data Protection Agency and Danish Health and  
Medicines Authority.
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In 2014, the first case of tickborne Bourbon virus (BRBV)  
was identified in a man in Bourbon County, Kansas.  

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

is known about BRBV biology and no specific treatments  
or vaccines are available, further studies are needed.
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virology of tickborne Bourbon virus in the United States.
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Mpox, caused by monkeypox virus (MPXV), is a 
viral illness characterized by rash, influenza-like 

symptoms, and fever. A global outbreak of mpox at-
tracted increased public attention in 2022 and became 
recognized as a public health event of international 
concern (PHEIC). Historical estimates of the case-
fatality ratio (CFR) associated with mpox infection  

vary by clade; clade I exhibits a CFR of ≈10%, whereas 
clade II the CFR is <1% (1). Although mpox histori-
cally experienced limited transmission (2,3), the 2022 
outbreak, originating in nonendemic countries in Eu-
rope and North America, resulted in ≈90,000 cases by 
mid-April 2023 and demonstrated enhanced trans-
missibility (4). The outbreak was driven primarily 
by sexually associated transmission, which altered 
the clinical manifestations and epidemiology of the 
infections when compared with historical reports 
(5). Clade II was dominant; its case-fatality ratio was 
≈0.1% (6). Although certain epidemiologic param-
eters, such as the incubation period and serial inter-
val, have been estimated using case records from 2022 
(7–13), comprehensive analysis of historical estimates 
and assessment of their relationship to the recent out-
break is limited (14).

After MPXV was identified in imported mon-
keys in Denmark in 1958, reported mpox infec-
tions were frequently associated with contact with 
monkeys (15–17). However, subsequent findings 
revealed that primates are not the only reservoir 
hosts (18). Before the eradication of smallpox in 
1980, mpox was rarely observed in humans, in part 
because mpox is unlikely to have been widespread 
but also because of cross-immunity between the 2 
viruses. The mpox outbreaks in the 1970s–1990s 
were relatively small in scale, typically involving 
<5 cases, and predominantly affected children be-
cause most adults possessed some level of immu-
nity from smallpox infection or vaccination (18). 
However, as herd immunity waned, outbreaks in 
the 2000s caused dozens of cases (19,20); mpox be-
came endemic in some regions of Africa, and Nige-
ria reporting the largest outbreaks (21,22). 
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Understanding changes in the transmission dynamics of 
mpox requires comparing recent estimates of key epide-
miologic parameters with historical data. We derived his-
torical estimates for the incubation period and serial inter-
val for mpox and contrasted them with pooled estimates 
from the 2022 outbreak. Our findings show the pooled 
mean infection-to-onset incubation period was 8.1 days 
for the 2022 outbreak and 8.2 days historically, indicating 
the incubation periods remained relatively consistent over 
time, despite a shift in the major mode of transmission. 
However, we estimated the onset-to-onset serial interval 
at 8.7 days using 2022 data, compared with 14.2 days 
using historical data. Although the reason for this short-
ening of the serial interval is unclear, it may be because 
of increased public health interventions or a shift in the 
mode of transmission. Recognizing such temporal shifts 
is essential for informed response strategies, and public 
health measures remain crucial for controlling mpox and 
similar future outbreaks.



RESEARCH

The first major outbreak reported beyond the bor-
ders of Africa occurred in the United States in 2003; 
there were 81 confirmed cases linked to imported 
wild animals (23). The global outbreak in 2022 caught 
many by surprise as mpox spread rapidly in coun-
tries across Western Europe and North America in 
which it was not endemic, before expanding world-
wide. The World Health Organization (WHO) de-
clared the 2022 mpox outbreak a PHEIC on July 23, 
2022 (24). By early 2023, case numbers had begun to 
decline, likely because there were fewer highly con-
nected susceptible persons within sexual networks 
(25). In addition to the depletion of susceptible per-
sons, general behavioral changes in high-risk popula-
tions resulting from increased awareness of risk and 
vaccination of at-risk persons played an important 
role in the decline in mpox cases (26). Modeling of 
infections caused by sexual interactions among men 
who have sex with men (MSM) has shown that hav-
ing fewer 1-time partnerships can significantly re-
duce mpox transmission (27). Furthermore, members 
of higher-risk populations proactively altered their 
behaviors in response to the outbreak; many were 
vaccinated. In August 2022, a survey of MSM in the 
United States revealed that ≈50% had reduced their 
use of dating apps, number of sexual partners, and 
number of 1-time partnerships (28).

The clinical manifestation of mpox has histori-
cally been similar to that of smallpox or chickenpox, 
characterized by fever, rash, and lymphadenopa-
thy (1). Its distinctive rash initiates as macules and 
progresses through papules, vesicles, pustules, and 
crusts before resolving. Lymphadenopathy, reported 
in 85% of mpox cases (29), distinguishes mpox from 
smallpox and chickenpox. Some mpox patients also 
exhibit respiratory symptoms such as sore throat, na-
sal congestion, or cough.

Since 2022, some changes in the clinical mani-
festations of mpox have been observed (5), includ-
ing a tendency for skin lesions to localize to specific 
body regions associated with sexual transmission, 
such as the genital, anorectal, or oral areas. Rectal 
symptoms such as purulent or bloody stools, rec-
tal pain, or bleeding were frequently reported (30). 
Some patients exhibited only a few cutaneous forma-
tions near affected areas, whereas others experienced 
disseminated body rashes complicating their infec-
tion. Although the localized rash may appear almost 
concurrently with other initial symptoms, the dis-
seminated rash usually appeared several days after 
symptom onset.

Some estimates of the incubation period and se-
rial interval for the global mpox outbreak in 2022 

have been affected by right-truncation bias. This 
bias arises when only persons who have experienced 
the event (e.g., symptom onset or rash appearance) 
and were confirmed by testing at the time of data 
collection are included in the sample. By accounting 
for right truncation, we can estimate the length of 
the incubation period and serial interval more accu-
rately and include cases with symptoms who have 
not yet been reported. Ignoring right truncation 
leads to underestimation of such epidemiologic pa-
rameters, because cases with longer incubation peri-
ods or serial intervals are overlooked in the analysis. 
Earlier studies reported short mean incubation pe-
riod estimates of 9.0 days (7) and 7.6 days (95% cred-
ible interval [CrI] 6.5–9.9 days) (10), extended to 9.5 
days (95% CrI 7.4–12.3 days) when accounting for  
right truncation (10).

Estimation of the incubation period of mpox pres-
ents several difficulties. One challenge arises from the 
absence of definitive information on times of expo-
sure. The exposure time window for much recorded 
data was often >1 day, complicating estimation. Ex-
cluding records with longer windows may yield bi-
ased estimates, as we saw in lower estimates from the 
exclusion-based approach (31) compared with other 
studies (32,33). Furthermore, some studies calculated 
the incubation period from the last known time of 
contact (5) instead of considering the entire exposure 
period, which also led to underestimation of the true 
incubation period.

Estimating generation time or serial intervals 
(time intervals from an event in an infector to the 
same event in an infectee) for the historical period 
before 2022 presents even greater uncertainty. As 
of April 2024, we are aware of no published formal 
estimates of such intervals from historical data, al-
though estimates for the global 2022 outbreak exist; 
34 transmission (infector–infectee) pairs studied in 
the Netherlands yielded a mean onset-to-onset se-
rial interval estimate of 10.1 days (95% CrI 6.6–14.7 
days) (9), and another estimate of 9.5 days (95% CrI 
7.4–12.3 days) was based on 79 transmission pairs no-
tified in the United Kingdom (10). In contrast, limited 
information on transmission pairs is available for the 
pre-2022 period; researchers observed onset-to-onset 
intervals of 8–11 days (34,35). We analyzed additional 
published data from before 2022 for rash-to-rash (2) 
and onset-to-onset serial intervals (19,20,35). The aim 
of our research is to provide historical estimates of the 
epidemiologic parameters associated with mpox by 
aggregating available historical data and to compare 
those estimates with pooled estimates for the global 
2022 outbreak. In our analysis, we corrected previous 
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estimates as appropriate to account for right trunca-
tion, enabling systematic comparison of incubation 
periods and serial intervals across the 2 time periods. 
Our work did not require the approval of an ethics 
committee because it was based on a literature search 
and the analysis of publicly available data.

Despite successful containment of mpox in 
2022–2023, monkeypox virus has continued to 
spread via human-to-human transmission world-
wide. Investment in mpox surveillance and preven-
tion methods, including vaccination, are critical to 
prevent the virus from causing future outbreaks 
and reaching PHEIC status again. As emphasized 
by WHO (24), it is necessary to remain vigilant and 
implement preventive measures to stop mpox from 
becoming endemic worldwide. Improving available 
knowledge of the epidemiologic parameters charac-
terizing transmission, such as the incubation period 
and serial interval, represents a fundamental aspect 
of this global effort.

Methods

Epidemiologic Data
We conducted a comprehensive literature search 
without language restriction using the electronic data-
bases PubMed, Embase, and Web of Science through 
January 4, 2024. We searched for the terms monkey-
pox, mpox, or mpx, and >1 occurrence of the terms 
incubation, serial, symptoms, onset, or rash. We ex-
tracted individual case records of infections from the 
studies published before 2022 and extracted estimates 
of the incubation period and serial interval from the 

studies published after 2022. The search yielded a to-
tal of 2,384 references after deduplication (Figure 1). 

We deemed a total of 101 references published be-
fore 2022 relevant for collection of historical data after 
manual examination. We found specific information 
on dates of exposure and symptom onset in 21 ref-
erences. We excluded 6 studies containing duplicate 
data. Ultimately, we selected 15 studies with a total of 
42 case records. Of those, 16 records were associated 
with clade I MPXV, and all contained information on 
rash and symptom onset date; 26 records were asso-
ciated with clade II, and 12 had information on rash 
and symptom onset date.

Among manuscripts published after 2022, we 
deemed 42 relevant after manual inspection. We re-
trieved 12 estimates of the incubation period and 5 
estimates of the serial interval from studies providing 
data from Colombia (36), Italy (8), the Netherlands 
(7,9), Nigeria (37), Spain (5,38), the United Kingdom 
(10,39), and the United States (11), as well as studies 
providing data from multiple countries (12,13,40). 
Three of those publications included estimates that ad-
justed for right truncation of the data. To account for 
right truncation in estimates from the other studies, 
we extracted individual case data from published ma-
terials or obtained the data from the authors. We also 
compared the extracted list of publications with the 
literature search conducted by WHO as of December 
29, 2022 (41). Some references listed by WHO were not 
identified in our search because they were posted on a 
preprint server and not peer reviewed by the time of 
our assessment. (Appendix Table 1, https://wwwnc.
cdc.gov/EID/article/30/6/23-1095-App1.pdf). 
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Figure 1. Flow diagram 
describing identification 
of historical case records 
from before the 2022 mpox 
outbreak eligible for estimation 
of the incubation period and 
studies reporting estimates 
of the incubation period and 
serial interval during the 2022 
outbreak. WoS, Web of Science.
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Statistical Analysis
We estimated the incubation period and serial in-
terval distributions using a Bayesian model with 
Markov chain Monte Carlo implemented in Stan 
version 2.34.0 (https://mc-stan.org). We used the 
generalized gamma distribution to determine the 
incubation period and serial interval because it en-
compasses 3 commonly used distributions (gam-
ma, Weibull, and log-normal) (42). We considered 
alternative formulations using standalone gamma, 
Weibull, or log-normal distributions or their mix-
ture and saw no clear differences in the results (Ap-
pendix Figure 2).

For identified studies from the 2022 outbreak 
that did not account for right truncation (7,8,11), we 
extracted case data. In 2 of those studies (7,8), the 
authors provided the truncation date (the final day 
that case data were available)—day 38 (7) and 68 (8). 
With those dates, we could re-estimate the incuba-
tion period and serial interval accounting for right 
truncation. However, in 2 studies (11,39), no infor-
mation about truncation date was available, so we 
were unable to conduct a re-analysis to account for 
right truncation. The authors of those studies stated 
that they observed no significant difference between 
nontruncated and right-truncated likelihoods. We 
obtained a pooled estimate of the mean incubation 
period from the meta-analysis using a random-ef-
fects model (43).

To estimate historical serial intervals, we used 
data from published studies (2,19,20,35). We ex-
tracted rash-to-rash time intervals from the dataset 
provided by Jezěk et al. (2) and onset-to-onset in-
tervals (based on generalized symptoms) from oth-
er sources (19,20,35); the result was available data 
from 28 transmission pairs. Consistent with the 
discussion in Jezek et al., we omitted rash-to-rash 
intervals of <8 days, which likely resulted from co-
primary infections. 

To ensure the robustness of our estimates, we 
conducted a sensitivity analysis (Appendix). First, we 
considered different cutoff values (2, 4, 6, or 10 days), 
below which the rash-to-rash intervals were omitted. 
Second, we fitted the observed distribution to a com-
position of 2 distributions to allow for the possibility 
that cases with serial intervals longer than the cutoff 
value could still be co-primary infections. The first 
component was modeled either by an exponential 
distribution or by a scaled standard normal distribu-
tion, normal(0, σ), in line with previous studies. The 
second component was the rash-to-rash serial inter-
val of interest, which was modeled by the generalized 
gamma distribution.

Results
We report estimates of the mean and SD of the in-
cubation period for mpox based on recent literature 
(Figure 2, panel A; Appendix Table 2). We obtained 
those estimates in various ways. For 2 previous stud-
ies, we re-derived the estimates in the original articles 
to account for right truncation (7,8). We obtained 
other estimates by either fitting our model to data 
from the original publications (5,36,38) or reporting 
the findings from the original studies directly (10,11). 
The pooled mean incubation period was estimated to 
be 8.1 days (95% CrI 7.0–9.2 days); here, we reported 
all estimates as the posterior median and 95% CrI. 
The mean between-study variance was 1.8 days2. 
Analysis of historical data (before the 2022 outbreak) 
suggested a mean incubation period of 8.2 days (95% 
CrI 6.7–10.0 days). Considering only cases associ-
ated with clade I resulted in a slightly lower mean 
of 7.3 days (95% CrI 5.0–10.2 days), whereas clade II 
infections were characterized by longer mean of 8.9 
days (95% CrI 6.6–11.7 days). The 95th percentile of 
the incubation period distribution, commonly used 
to determine the quarantine period, was 16–20 days 
across all studies of the global 2022 outbreak and was 
17 days for the historical data.

We also assessed the infection-to-rash incuba-
tion period, which tracks the time from infection to 
the manifestation of a cutaneous rash (Figure 2, panel 
B; Appendix Table 3). We estimated the pooled mean 
as 8.7 days (95% CrI 6.5–11.0 days), whereas the be-
tween-study variance was 6.4 days2. Historical data 
gave a larger estimate of 10.3 days (95% CrI 8.5–12.3 
days). We reviewed 3 studies for the 2022 outbreak; 
Madewell et al. (11) estimated a mean incubation 
period substantially lower than 2 other studies that 
looked at infection-to-rash time intervals (5,38), which 
resulted in a larger discrepancy between the pooled 
mean and historical estimate compared with the in-
fection-to-onset incubation period estimates. Rash 
emergence was delayed by a mean of 0.6 days, com-
pared with the infection-to-onset incubation period. 
Analyzing the data from Viedma-Martinez et al. (38), 
we first calculated the time from infection to the ap-
pearance of any cutaneous formations to have a mean 
value of 9.8 days (95% CrI 8.5–11.2 days). We then cal-
culated the time from infection to the appearance of 
a disseminated rash, excluding the rash around or at 
the site of infection. We estimated a mean time period 
of 11.5 days (95% CrI 10.0–12.8 days). The difference 
between initial onset of symptoms and rash onset was 
1.7 days (95% CrI 0.2–3.7 days) when considering a 
localized rash and 3.4 days (95% CrI 1.4–5.3 days) 
when considering a disseminated rash.
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As for incubation period estimates, serial inter-
val estimates varied substantially across studies. We 
estimated the pooled mean for onset-to-onset serial 
intervals as 8.7 days (95% CrI 6.5–11.0 days) and 
between-study variance as 6.4 days2. We estimated 
the historical mean onset-to-onset serial interval at a 
much longer 14.2 days (95% CrI 12.5–16.2 days) (Fig-
ure 3, panel A; Appendix Table 4, Figure 1, panel A). 
Madewell et al. (11) reported rash-to-rash serial in-
tervals for the 2022 outbreak; they reported a mean 
of 7.0 days (95% CrI 5.8–8.4 days). That value is much 
shorter than the historical estimate of the mean rash-
to-rash serial interval, which was 14.3 days (95% CrI 
13.2–15.3 days) (Figure 3, panel B; Appendix Table 
5, Figure 1, panel B). Although Madewell et al. sug-
gested that serial intervals might be shorter than 
incubation periods for the 2022 outbreak, we found 
that serial intervals were substantially longer for 
historical data. Specifically, our analyses suggested 
that onset-to-onset serial intervals were on average 
6.0 days longer than for infection-to-onset incuba-
tion periods, and rash-to-rash serial intervals were 
on average 4.0 days longer than for infection-to-rash 
incubation periods.

Discussion
In this study, we undertook a systematic literature 
search and meta-analysis to provide estimates of the 
incubation period and serial interval of mpox. We 
compared estimates from the 2022 outbreak with 
pre-2022 estimates. We found a strong similarity in 
estimates of infection-to-onset and infection-to-rash 
incubation periods between studies for the 2022 out-
break and historical case records. However, the serial 
interval estimates based on historical data were lon-
ger than the incubation period estimates based on his-
torical data, which suggests a lower risk of presymp-
tomatic transmission during the pre-2022 period. The 
shorter serial interval observed in the 2022 outbreak 
might also be partially attributable to nonpharma-
ceutical interventions such as contact tracing, active 
case finding, and behavioral changes, as noted during 
the COVID-19 pandemic (44). A shift toward a sexu-
ally associated mode of transmission as the dominant 
route may also have influenced the serial interval, 
perhaps by increasing transmission efficiency. All of 
those theories merit further investigation.

The estimated incubation period in this study re-
mains similar to historical estimates (45), suggesting 
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Figure 2. Forest plot of the mean 
infection-to-onset (A) and infection-
to-rash (B) incubation periods 
for studies conducted during the 
2022–2023 global mpox outbreak 
and analyses of the historical case 
records. Open circles indicate 
analyses performed without 
adjusting for right truncation (ICC); 
solid circles indicate analysis 
when an adjustment was made 
(ICRTC). Whiskers indicate 95% 
CrIs. Studies are denoted by 
the leading author and year of 
publication and ordered by their 
date of publication; the numbers in 
parentheses indicate the number of 
case records used for estimation. 
(E) indicates that we evaluated the 
estimates using the data provided 
in our study; (R) indicates that 
we re-evaluated estimates for 
consistency of the methods used. 
Gray indicates estimates not used 
for deriving the pooled mean, 
which is in bold text. Red indicates 
estimates for historical (pre‒2022 
outbreak) data, indicating that 
they were not used for deriving the 
pooled mean. CrI, credible interval; 
ICC, interval censoring corrected 
model; ICRTC, interval censoring and right truncation corrected model; τ2 = -squared statistics indicating the between-study variance 
measured in days2; ref, reference.
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that the recommended quarantine period of 21 days 
after contact with a potential infector is still appropri-
ate. However, the possible increase in presymptom-
atic transmission, as suggested by a shortened serial 
interval, presents challenges for successful contain-
ment of future outbreaks (9,11). Moreover, underas-
certainment of cases further reduces the chances of 
efficient case finding and contact tracing. Vaccination 
is regarded as the most reliable measure to prevent 
future waves of infections, but vaccine availability 
and uptake have been limited. Some countries that 
observed a spike in cases in 2022 saw their outbreaks 
fade in 2023, but other countries in the Western Pa-
cific region, such as Japan, South Korea, and Taiwan, 
observed a rise in cases at the beginning of 2023 (46).

The 2022 global mpox outbreak shares some simi-
larities with a previous outbreak in Taiwan involv-
ing a sexually transmitted pathogen that also affected 
a vulnerable group. In 2015–2016, hepatitis A virus 
(HAV) infections spread progressively among the 
MSM population. The Taiwan Centers for Disease 
Control (CDC) reported an increase in HAV cases in 
2015. A free HAV vaccination campaign was initiated 
in October 2016, several months after the peak of dis-
ease incidence, targeting at-risk populations. Because 
it was difficult to quantify the direct impact of vac-
cination after the peak on the course of the outbreak, 
many attributed the decline in cases to the promotion 
of both HAV screening and vaccination by physicians 
earlier in the outbreak (47). In the 2022 global mpox 
outbreak, there has been much debate about the key 
factors behind the decline in incidence observed in 

all hard-hit countries in mid-to-late 2022. Some sug-
gested depletion of susceptible persons within sexu-
al networks of MSM was the key factor (25); others 
argued that a synergetic effect of behavioral change 
and vaccination was crucial (48). Going forward, pro-
active vaccination campaigns are advised to reduce 
transmission; such a campaign was implemented in 
Taiwan at the beginning of 2023 after reports of lo-
cally acquired mpox infections.

The first limitation of this study is that we de-
rived the pooled estimates of the mean incubation 
period and serial interval from various sources, each 
with their own potential biases and limitations. For 
example, the study by Ward et al. (10) did not con-
sider the possibility of co-primary cases; however, it 
used personally identifiable information to establish 
linked pairs. Second, the aggregated historical data 
could also be prone to selection and recall biases; 
many studies were conducted retrospectively, and 
mild cases may have been missed. Third, most cases 
in the historical datasets involved children and teen-
agers, whereas in the 2022 outbreak the group that 
was infected the most was adult males. Such a shift 
in the age distribution of mpox cases (before and af-
ter 2022) may have affected the time delays and in-
troduced bias into our comparison of their estimates. 
Fourth, the differences in epidemiology of mpox in-
fections respective to their clades remain uncertain. 
Although our estimated mean incubation period for 
clade I was shorter than the mean for clade II, the dif-
ference was not statistically clear and could simply 
caused by sampling variability (the samples were 
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Figure 3. Forest plot of the 
estimated mean serial interval 
based on the date of symptom 
onset (A) and the date of rash 
onset (B) for studies conducted 
during the 2022–2023 global 
mpox outbreak and analyses 
of the historical case records. 
Open circles indicate analyses 
performed without adjusting 
for right truncation (ICC); solid 
circles indicate analyses when 
an adjustment was made 
(ICRTC). Whiskers indicate 95% 
CrI. Studies are denoted by 
the leading author and year of 
publication and ordered by their 
date of publication; the numbers 
in parentheses indicate the 
number of case records used 
for estimation. R) indicates that we re-evaluated estimates for consistency of the methods used. Gray indicates estimates not used for 
deriving the pooled mean, which is in bold text. Red indicates estimates for historical (pre‒2022 outbreak) data, indicating that they were 
not used for deriving the pooled mean. CrI,  credible interval; ICC, interval censoring corrected model; ICRTC, interval censoring and 
right truncation corrected model; ref, reference; τ2, -squared statistics indicating the between-study variance measured in days2.
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also relatively small). Overall, the studies aggregated 
in our meta-analysis were conducted during differ-
ent time periods and in different geographic locations 
involving diverse social groups. This variation could 
introduce variability in public health interventions, 
diagnostic methods, and reporting practices, poten-
tially affecting estimates of epidemiologic parameters 
such as the incubation period and serial interval. A 
cohort-based comparison taking account of observed 
severity, social status, and other factors could help to 
address potential biases.

Despite those limitations, our study provides evi-
dence that the incubation period for mpox was similar 
in 2022 to that of historical outbreaks, whereas the seri-
al interval was shorter. This finding likely reflects both 
the result of interventions and a shift toward a sexually 
associated mode of transmission in the 2022 outbreak. 
Because estimated values of epidemiologic parameters 
are often used to inform interventions against a range 
of pathogens, our study highlights the importance of 
monitoring temporal changes in transmission and dis-
ease progression. Effective public health interventions 
that are tailored to the characteristics of future mpox 
outbreaks could be crucial for mitigating transmission 
in the future. Overall, our findings provide useful in-
formation to inform evidence-based control strategies 
to curtail the spread of mpox and other directly trans-
mitted infectious diseases.

Study data are available at https://github.com/
aakhmetz/Mpox-IncubationPeriodSerialInterval- 
Meta2023/blob/main/SupplementaryFile1.xlsx.
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SARS-CoV-2 is characterized by diverse variants (1) 
with differing transmissibility and disease sever-

ity (2). The rapid evolution and spread of new vari-
ants has required a nimble public health response to 
understand dynamics and clinical implications (3), 
but most work thus far has focused on adults.

The highly transmissible SARS-CoV-2 Delta vari-
ant (B.1.617.2) was detected and became the predomi-
nant variant in the United States over an 8-week pe-
riod during May–June 2021 (4,5). Adults infected by 
Delta exhibited higher viral loads (6) and potentially 
increased disease severity than those infected by pre-
vious variants (3,5). Taylor et al. (5) found a signifi-
cantly higher proportion of hospitalized patients after 
Delta became predominant than in earlier pandemic 
phases. However, in-hospital outcomes did not dif-
fer between Delta and pre-Delta variants. Similarly, 
Twohig et al. (3) observed higher risk for hospitaliza-
tion and emergency care for those infected by Delta 
than by Alpha (B.1.1.7).

During December 2021, Delta was swiftly over-
taken by the more transmissible Omicron (B.1.1.529), 
which became predominant in the United States 
over a 2-week period (4). Adults infected by Omi-
cron tended to exhibit similar viral loads but lower 
disease severity compared with Delta-infected adults 
(7). Ulloa et al. (7) found reduced risk for hospitaliza-
tion, intensive care unit (ICU) admission, and death 
among persons infected by Omicron compared with 
Delta. Taylor et al. (8) observed smaller proportions 
of hospitalized patients admitted to the ICU or re-
quiring invasive mechanical ventilation and lower 
rates of in-hospital death with Omicron than Delta. In 
addition, some studies found that vaccine effective-
ness against hospitalization and visits to emergency 
department or urgent care was lower against Omi-
cron than against Delta (9).

Less is known about symptom severity among 
pediatric patients infected with different variants. 
Some work suggests little or no difference in disease 

SARS-CoV-2 Disease Severity  
and Cycle Threshold Values in  

Children Infected during Pre-Delta, 
Delta, and Omicron Periods,  
Colorado, USA, 2021–2022
Laura Bankers, Shannon C. O’Brien, Diana M. Tapay, Erin Ho, Isaac Armistead,  

Alexis Burakoff, Samuel R. Dominguez, Shannon R. Matzinger
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In adults, viral load and disease severity can differ by 
SARS-CoV-2 variant, patterns less understood in chil-
dren. We evaluated symptomatology, cycle threshold 
(Ct) values, and SARS-CoV-2 variants among 2,299 
pediatric SARS-CoV-2 patients (0–21 years of age) in 
Colorado, USA, to determine whether children infected 
with Delta or Omicron had different symptom severity 
or Ct values than during earlier variants. Children in-
fected during the Delta and Omicron periods had lower 
Ct values than those infected during pre-Delta, and 
children <1 year of age had lower Ct values than older 
children. Hospitalized symptomatic children had low-
er Ct values than asymptomatic patients. Compared 
with pre-Delta, more children infected during Delta 
and Omicron were symptomatic (75.4% pre-Delta, 
95.3% Delta, 99.5% Omicron), admitted to intensive 
care (18.8% pre-Delta, 39.5% Delta, 22.9% Omicron), 
or received oxygen support (42.0% pre-Delta, 66.3% 
Delta, 62.3% Omicron). Our data reinforce the need to 
include children, especially younger children, in patho-
gen surveillance efforts.
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severity among children infected by Delta compared 
with previous variants (10). However, much of that 
work has been limited to hospitalized patients. In ad-
dition, although the incidence rate of detected infec-
tions with Omicron was higher for young children 
compared with Delta, some studies showed that 
clinical outcomes of infections with Omicron tended 
to be less severe than Delta (11). However, the large 
increase in the number of infections during Omi-
cron’s predominance might increase the number of  
severe outcomes (12).

The relationship between cycle threshold (Ct) 
values and quantitative viral load is tightly inversely 
correlated (13), such that relatively lower Ct values 
are indicative of higher viral loads. Similar to adults, 
children who have symptomatic SARS-CoV-2 infec-
tions might have lower Ct values (suggesting higher 
viral loads) compared with those who have asymp-
tomatic infections (14), and those infected with Delta 
or Omicron might have lower Ct values than those 
infected with other variants (15). However, the inter-
play between SARS-CoV-2 variant, Ct, and symptom 
severity has not been well studied among pediatric 
cases, especially among nonhospitalized children.

We evaluated hospitalized and nonhospitalized 
SARS-CoV-2 pediatric cases in Colorado, USA, during 
January 2021–January 2022. We used clinical surveil-
lance data, Ct values, and whole-genome sequencing 
(WGS) to determine whether children infected with 
either Delta or early Omicron variants had different 
symptom severity or Ct values from children infected 
with earlier SARS-CoV-2 variants.

Methods

Ethics Statement
The data used in this study were generated for public 
health surveillance purposes. This activity was deter-
mined to be consistent with enhanced disease surveil-
lance activities, not human subjects research, by the 
Colorado Department of Public Health and Environ-
ment’s (CDPHE) Communicable Disease branch. In-
stitutional review board approval was provided by 
the Colorado Multiple Institutional Review Board. 
Informed consent was waived.

Study Population
The study population consisted of hospitalized 
(hereafter inpatient) and nonhospitalized (hereafter 
outpatient) cases from the Children’s Hospital Colo-
rado (CHCO) hospitals and outpatient clinics who 
were Colorado residents <21 years of age and tested 
positive for SARS-CoV-2 by PCR during January 1, 

2021–January 31, 2022. We collected demographic 
and clinical information including age, race/ethnic-
ity, symptomatology, number of days between symp-
tom onset and positive test (hereafter symptom onset 
date), and vaccination status. Data were extracted 
from a state communicable disease database (Colo-
rado Electronic Disease Reporting System), in which 
communicable diseases are entered as part of public 
health surveillance and investigation activities.

We performed inpatient chart abstraction to col-
lect data about comorbidities, admission and dis-
charge dates, whether patients were admitted to the 
hospital because of COVID-19 as opposed to with 
COVID-19, whether patients were symptomatic be-
cause of COVID-19, whether they were admitted 
to the pediatric ICU (PICU) because of COVID-19, 
whether they received oxygen support (and type of 
support) because of COVID-19, and vaccination sta-
tus. We limited comparisons among inpatients and 
between inpatients and outpatients to those hospi-
talized because of COVID-19. We classified patients 
as admitted because of COVID-19 if their primary 
complaint symptoms at time of admission to CHCO 
were consistent with COVID-19 and a COVID-19 
test was positive at admission, or if symptoms con-
sistent with COVID-19 developed during hospital-
ization (with positive test upon admission or later 
during hospitalization) that would have resulted 
in admission if they were not already hospitalized. 
We classified patients as admitted with COVID-19 
if they sought care at CHCO with a non–COVID-19 
primary diagnosis (e.g., trauma, psychiatry, social 
reasons, surgery, non–COVID-19 medical diagno-
ses) and tested positive upon admission on routine 
surveillance testing. Those persons might also have 
had >1 symptoms consistent with COVID-19 that 
did not require admission solely for those symp-
toms. We determined classification by reviewing 
clinical provider documentation of assessments 
and medical decision-making, because Internation-
al Classification of Diseases, 10th Revision, codes 
were not consistently available. We considered all 
common symptoms of COVID-19, including fever, 
congestion/rhinorrhea, cough, shortness of breath, 
vomiting/diarrhea, fatigue, headache, and loss of 
sense of taste/smell.

RNA Extraction and Quantitative Reverse  
Transcription PCR
SARS-CoV-2–positive nasopharyngeal swab speci-
mens collected at CHCO hospitals (inpatient) and out-
patient clinics (outpatients) were sent to the CDPHE 
Laboratory. We extracted RNA using the Applied 
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Biosystems MagMAX Viral/Pathogen II Nucleic Acid 
Isolation Kit on the KingFisher Flex System for au-
tomated extraction (ThermoFisher Scientific, https://
www.thermofisher.com). We used the Applied Bio-
systems TaqPath COVID-19 Combo Kit multiplexed 
reverse transcription PCR (RT-PCR) (ThermoFisher 
Scientific) to obtain Ct values for open reading frame 
1ab (ORF1ab), spike (S), and nucleocapsid (N) gene 
targets. We used N gene Ct values as a correlate of 
viral load (13).

Library Preparation and WGS
We performed WGS on either GridION (Oxford Nano-
pore Technologies, https://www.nanoporetech.com) 
or NextSeq550 (Illumina, https://www.illumina.
com) on all samples that met sequencing criteria (N 
gene Ct <28). For samples sequenced on GridION, we 
performed library preparation following the ARTIC 
tiled PCR amplicon sequencing protocol (16,17), and 
for samples sequenced on the NextSeq550, we per-
formed library preparation and single-end Illumina 
sequencing following the Illumina COVID-Seq as-
say (18) (Appendix, https://wwwnc.cdc.gov/EID/
article/30/6/23-1427-App1.pdf).

Bioinformatic Analysis of WGS Data
We performed assembly and analysis of WGS data 
on the terra.bio platform (19), using our custom, 
publicly available workflows for SARS-CoV-2 (20,21) 
(Appendix). Sequenced samples with >50% cover-
age are publicly available in the GISAID (https://
www.gisaid.org) database and the National Center 
for Biotechnology Information Sequence Read Ar-
chive (BioProject accession no. PRJNA686984) (Ap-
pendix Table 1).

Data Analysis and Statistics
We merged WGS results and deidentified patient 
data using internal identifiers in Tableau version 
2021.4 (22). To include data for samples that were 
not successfully sequenced, we performed analyses 
in 2 ways.

Our first approach mitigates the risk that Ct 
value analyses could be biased toward lower Ct 
values because of ability to sequence. We generated 
a lineage distribution over the course of the study 
and assigned all samples with Ct values to variant 
periods. We defined 3 periods on the basis of when 
Delta or Omicron were at a prevalence of >80% 
among sequenced Colorado pediatric samples: pre-
Delta during January 1–May 1, 2021; Delta during 
June 15–September 29, 2021; and Omicron during 
December 26, 2021–January 31, 2022. We excluded 
samples collected between the pre-Delta and Delta 
periods and between the Delta and Omicron periods 
(in which variants were mixed) to improve the ac-
curacy of variant period assignments (Figure 1). Sec-
ond, to evaluate sensitivity, we performed analyses 
only on samples that were successfully sequenced 
and assigned a lineage.

We visualized analyses of Ct values, variant pe-
riod and lineage, and patient data using Tableau. We 
performed statistical analyses (analysis of covariance, 
1- or 2-way analysis of variance with Tukey test, or 
χ2 test, as appropriate) in Rstudio base packages ver-
sion 1.4.1106 (RStudio, http://www.rstudio.com). 
We calculated descriptive characteristics of inpatients 
including counts and proportions with 95% CI using 
R version 4.1.1 (The R Foundation for Statistical Com-
puting, https://www.r-project.org). We considered a 
p value <0.05 statistically significant.
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Figure 1. Variant counts of 
sequencing-confirmed lineages by 
week of sample collection in study 
of SARS-CoV-2 disease severity 
in children during pre-Delta, Delta, 
and Omicron periods, Colorado, 
USA, January 2021–January 
2022. Gray boxes indicate time 
periods of potentially mixed 
lineage that were excluded from 
time period analyses.



SARS-CoV-2 Disease Severity in Children, Colorado

Results

Characteristics of Patient Population
The study population included 2,299 persons, 1,629 
(70.9%) outpatients and 670 inpatients (29.1%). 
Of the 670 inpatients, 395 were hospitalized be-
cause of COVID-19 and 275 were hospitalized with  
COVID-19) (Table 1; Appendix Tables 2, 3). Among 
the entire population, 40.1% were female, 32.6% 
were non-Hispanic White, 24.4% were Hispanic, 
and the median age was 6.5 years. A total of 1,724 
cases occurred during the pre-Delta (n = 429), Delta 
(n = 752), and Omicron (n = 543) periods. Propor-
tions of male versus female patients and those with 
>1 known comorbidity did not differ by variant pe-
riod (p = 0.44 by χ2 test for sex and p = 0.62 by χ2 test 
for comorbidities). However, proportions of racial/
ethnic groups differed significantly across variant 
periods (p<0.0001 by χ2 test). 

Among inpatients, a larger proportion infected 
during the Delta or Omicron periods were symptom-
atic (p<0.0001 by χ2 test), admitted to the PICU (p = 
0.002 by χ2 test), or received oxygen support (p = 0.04 
by χ2 test) because of COVID-19 compared with per-
sons infected during the pre-Delta period (Table 2; 
Appendix Tables 4, 5). Mean hospital stay durations 
were 5.72 (SD +8.30) days for the pre-Delta period, 
7.84 (SD +20.6) days for the Delta period, and 3.32 (SD 
+5.79) days for the Omicron period and were not sig-
nificantly different (p = 0.1). 

We obtained Ct values for 1,796 (78.1%) of 2,299 
persons; of those, 362 were inpatients and 1,434 were 
outpatients. Of those 1,796 persons, 1,240 were col-
lected during the 3 variant periods: pre-Delta period 
(n = 307), Delta period (n = 582), and Omicron period 
(n = 351). We successfully sequenced 1,276 (55.5%) of 
2,299 samples (219 inpatients and 1,057 outpatients) 
to >50% coverage and obtained lineage calls for 1,177 
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Table 1. Descriptive characteristics of 2,299 children with positive SARS-CoV-2 tests during pre-Delta, Delta, and Omicron periods, 
Colorado, USA, January 2021–January 2022* 
Characteristic Total Pre-Delta period Delta period Omicron period p value† 
Total population 2,299 429 (18.7, 17.1–20.3) 752 (32.7, 30.8–34.7) 543 (23.6, 21.9–25.4)  
Sex      
 F 923 (40.1, 38.1–42.2) 215 (50.1, 45.3–55.0) 352 (46.8, 43.2–50.5) 185 (34.1, 30.1–38.2) 0.44 
 M 945 (41.1, 39.1–43.2) 198 (46.2, 41.4–51.0) 373 (49.6, 46.0–53.2) 200 (36.8, 32.8–41.0) 
Median age, y (range) 6.5 (0–21) 6.5 (0–20.2) 6.0 (0–21) 6.3 (0–20.9)  
Racial/ethnic group      
 Hispanic  560 (24.4, 22.6–26.2) 131 (30.5, 26.2–35.1) 212 (28.2, 25.0–31.6) 127 (23.4, 19.9–27.2)  
 Non-Hispanic 
 White 

750 (32.6, 30.7–34.6) 203 (47.3, 42.5–52.2) 307 (40.8, 37.3–44.4) 134 (24.7, 21.1–28.5) <0.0001 

 Non-Hispanic Black 135 (5.9, 5.0–6.9) 19 (4.4, 2.7–6.8) 58 (7.7, 5.9–9.9) 32 (5.9, 4.1–8.2) 
 Non-Hispanic Asian 43 (1.9, 1.4–2.5) 9 (2.1, 1.0–3.9) 17 (2.3, 1.3–3.6) 10 (1.8, 0.9–3.4) 
 Unknown‡ 673 (29.3, 27.4–31.2) 40 (9.3, 6.7–12.5) 97 (12.9, 10.6–15.5) 213 (39.2, 35.1–43.5) 
Hospitalization status      
 Outpatient 1,629 (70.9, 69.0–72.7) 261 (60.8, 56.0–65.5) 619 (82.3, 79.4–85.0) 233 (42.9, 38.7–47.2) <0.0001 
 Inpatient 670 (29.1, 27.3–31.1) 168 (39.2, 34.5–44.0) 133 (17.7, 15.0–20.6) 310 (57.1, 52.8–61.3) 
Any comorbidity, 
inpatient only§ 

383 (57.2, 53.3–61.0) 101 (60.1, 52.3–67.6) 74 (55.6, 46.8–64.3) 173 (55.8, 50.1–61.4) 0.62 

Median time from 
symptom onset to 
testing, d (range) 

2 (–29 to 320) 2 (–1 to 57) 2 (–2 to 320) 2 (–29 to 44)  

Patients with 
confirmed sequence 

1,177 (51.2, 49.1–53.3) 189 (16.1, 14.0–18.3) 654 (55.6, 52.7–58.4) 334 (28.4, 25.8–31.1)  

*Values are no. (%, 95% CI) except as indicated. p values are indicated as appropriate. 
†p values were obtained from 2 test of patient characteristics across the 3 variant periods. 
‡Unknown racial/ethnic group includes persons with unknown, unknown or not reported, or missing race or ethnicity variables. 
§Any comorbidity includes history of cardiac, respiratory, gastrointestinal/liver, neurologic, oncologic, obesity, chronic kidney disease, diabetes, or other 
comorbid condition. 

 

 
Table 2. Number of pediatric COVID-19 inpatients by SARS-CoV-2 variant period and potential indicator of disease severity during 
pre-Delta, Delta, and Omicron periods, Colorado, USA, January 2021–January 2022* 
Indicator of disease 
severity† 

No. (%, 95% CI] 
Total, n = 395 Pre-Delta, n = 69 Delta, n = 86 Omicron, n = 210 p value‡ 

Symptomatic 343 (86.8, 83.1–90.0) 52 (75.4, 63.5–84.9) 82 (95.3, 88.5–98.7) 209 (99.5, 97.4–99.9) <0.0001 
Hospitalized 395 (100, 99.1–100) 69 (100, 94.8–100) 86 (100, 95.8–100) 210 (100, 98.3–100) 1.0 
PICU admission 94 (23.8, 19.7–28.3) 12 (18.8, 9.3–28.4) 34 (39.5, 29.2–50.7) 48 (22.9, 17.4–29.1) 0.002 
Received any oxygen 
support 

217 (54.9, 49.9–59.9) 29 (42.0, 30.2–54.5) 57 (66.3, 55.3–76.1) 131 (62.4, 55.5–69.0) 0.04 

*PICU, pediatric intensive care unit.  
†All indicators of disease severity included here were considered to be a result of COVID-19 illness. 
‡p values were obtained from 2 test of patient characteristics across the 3 variant periods. 
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(51.2%) samples (183 inpatients and 1,053 outpatients; 
654 Delta, 334 Omicron, and 189 other).

Ct Value Patterns across All Variants
We first evaluated overall patterns of Ct values among 
our dataset categories. Patients <1 year of age had sig-
nificantly lower Ct values than the other age groups 
(adjusted p<0.0001 for 1–4 years, 5–11 years, and >12 
years) (Table 3; Figure 2). We observed the same pat-
tern among patients <1 year of age when limited to 
sequenced samples (adjusted p = 0.0003 for patients 
1–4 years of age, adjusted p = 0.0002 for 5–11 years, 
and adjusted p = 0.0002 for >12 years) (Appendix Ta-
bles 6–8, Figure 1). Patients who received any num-
ber of vaccine doses had significantly higher Ct val-
ues than unvaccinated patients (adjusted p = 0.003). 
In addition, patients who had received a booster had 
significantly higher Ct values than unvaccinated pa-
tients (adjusted p = 0.0081).

Regarding potential disease severity indica-
tors, we found that inpatients hospitalized with  
COVID-19 had significantly higher Ct values than 
both inpatients hospitalized because of COVID-19 (ad-
justed p<0.0001) and outpatients (adjusted p<0.0001). 
Ct values for inpatients hospitalized because of  
COVID-19 and outpatients did not differ significantly 

from each other (Table 3; Figure 2). Symptomatic pa-
tients had significantly lower Ct values than asymp-
tomatic patients (adjusted p = 0.0081). Those tested 
soon after symptom onset had lower Ct values than 
patients tested 8–14 days after symptom onset (ad-
justed p<0.0001 for 0–3 days and 4–7 days after symp-
tom onset). Similarly, Ct values were significantly 
lower in the groups tested 0–3 days and 4–7 days af-
ter symptom onset than in the 8–14 days group when 
limited to sequenced samples (adjusted p<0.0001 for 
0–3 days, adjusted p = 0.0055 for 4–7 days) (Appendix 
Tables 6–8, Figure 1). 

Among inpatients, we did not observe a signifi-
cant difference in Ct values according to PICU admis-
sion status. However, those who received any type 
of supplemental oxygen support (invasive or nonin-
vasive) and those who received noninvasive supple-
mental oxygen had lower Ct values than those who 
did not receive any form of supplemental oxygen (ad-
justed p = 0.0002 for any type of supplemental oxygen 
and adjusted p = 0.0012 for noninvasive supplemen-
tal oxygen).

Ct Value Patterns by Variant Period
We analyzed Ct value patterns for each dataset cat-
egory across variant periods (Table 3; Figures 3, 4) as 
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Table 3. Mean nucleocapsid gene cycle threshold values by category in study of SARS-CoV-2 disease severity in children during pre-
Delta, Delta, and Omicron periods, Colorado, USA, January 2021–January 2022* 

Characteristic 
Cycle threshold (+SD) 

All Pre-Delta period Delta period Omicron period 
All 22.4 (6.79) 26.5 (6.96) 22.8 (7.81) 22.9 (5.51) 
Age group, y     
 <1  19.5 (6.54) 22.0 (7.49) 17.2 (6.64) 21.4 (5.79) 
 1–4  22.6 (6.74) 24.7 (6.53) 21.4 (7.61) 21.9 (4.82) 
 5–11  23.2 (6.61) 23.1 (7.07) 23.1 (6.85) 23.0 (5.44) 
 >12  23.3 (6.73) 24.1 (7.28) 22.2 (6.77) 24.7 (5.39) 
Time from symptom onset, d     
 0–3 20.7 (6.32) 21.5 (6.36) 20.5 (6.95) 20.4 (4.71) 
 4–7 21.9 (5.85) 20.1 (5.02) 22.1 (6.49) 22.3 (4.47) 
 8–14 25.8 (5.58) 29.0 (6.22) 24.7 (5.79) 26.7 (3.48) 
Vaccination status     
 Unvaccinated 22.2 (6.53) 23.6 (7.17) 21.2 (7.31) 22.2 (5.53) 
 Vaccinated (any doses) 23.2 (6.76) 24.1 (6.99) 22.9 (6.87) 22.8 (4.67) 
 Partially vaccinated (1 dose) 23.4 (7.45) 28.5 (7.33) 21.0 (6.43) 23.7 (5.16) 
 Fully vaccinated (2 doses) 23.0 (6.59) 22.5 (6.51) 23.0 (6.91) 22.8 (4.80) 
 Fully vaccinated + booster 25.3 (6.81) 25.9 (6.92) 24.5 (7.26) 20.7 (3.04) 
Disease severity     
 Outpatient 22.1 (6.47) 22.4 (6.79) 21.4 (7.07) 21.9 (5.40) 
 Inpatient, hospitalized with COVID-19 26.2 (6.92) 27.9 (6.93) 24.3 (8.25) 25.5 (5.70) 
 Inpatient, hospitalized because of COVID-19 22.1 (6.31) 24.6 (6.62) 22.1 (7.53) 21.3 (4.75) 
 Symptomatic 21.5 (6.37) 21.6 (6.24) 21.7 (7.02) 21.4 (5.24) 
 Asymptomatic 22.5 (6.80) 23.7 (6.99) 21.6 (7.29) 22.4 (5.43) 
 Admitted to PICU because of COVID-19 21.9 (5.84) 22.5 (5.95) 22.3 (6.88) 21.0 (4.17) 
 Hospitalized but not admitted to PICU 22.1 (6.50) 25.3 (6.76) 21.9 (8.04) 21.3 (4.97) 
 No supplemental oxygen 24.3 (7.16) 27.8 (7.62) 22.3 (8.35) 23.5 (5.12) 
 Any supplemental oxygen 21.3 (5.82) 22.1 (6.55) 22.1 (6.60) 20.7 (4.79) 
 Noninvasive supplemental oxygen 21.4 (5.67) 22.2 (5.59) 22.7 (6.66) 20.4 (4.72) 
 Invasive supplemental oxygen 20.9 (6.82) 22.0 (10.2) 18.7 (5.40) 22.7 (5.35) 
*PICU, pediatric intensive care unit.  
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well as among lineages for sequenced samples (Ap-
pendix Tables 6–8, Figures 2 and 3). Ct values were 
significantly lower during the Delta and Omicron pe-
riods than in the pre-Delta period (adjusted p value 
= 0.0004 for Delta period and adjusted p = 0.0003 for 
Omicron period) but did not differ significantly be-
tween Delta and Omicron (Table 3; Figure 3). We did 
not observe this pattern in the subset of sequenced 
samples (Appendix Tables 6–8, Figure 2). We ob-
served a significant interaction between variant pe-

riod and patient age (adjusted p = 0.001). Among 
patients infected during the Delta period, children 
<1 year of age had significantly lower Ct values than 
those >1 year of age (adjusted p = 0.0021 for children 
1–4 years of age, adjusted p<0.0001 for 5–11 years, 
and adjusted p<0.0001 for >12 years) (Table 3; Figure 
3). In addition, patients <1 year of age infected dur-
ing Delta had significantly lower Ct values than chil-
dren of the same age group infected during the Omi-
cron period (adjusted p = 0.0156). Patients infected  
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Figure 2. Ct value patterns across all variants in study of SARS-CoV-2 disease severity in children during pre-Delta, Delta, and 
Omicron periods, Colorado, USA, January 2021–January 2022. Boxplots indicate overall Ct value patterns across categories of 
patient characteristics, regardless of variant period. A) Age group; B) vaccination status (unvaccinated vs. vaccinated with any number 
of doses); C) vaccination status (unvaccinated versus vaccinated by number of doses); D) patient type (outpatient/not hospitalized, 
hospitalized because of COVID-19, hospitalized but not because of COVID-19); E) symptomatic versus asymptomatic; F) number of 
days between symptom onset and positive test (symptom onset groups); G) hospitalized but not admitted to PICU versus admitted 
to PICU; H) any type of supplemental oxygen support versus no oxygen support received; I) highest level of supplemental oxygen 
support received (none, noninvasive oxygen support, invasive oxygen support). Significance was determined using 1-way analysis of 
variance with Tukey test. Brackets indicate which comparisons correspond to the significance codes, and connected brackets indicate 
comparisons that have the same significance code. Ct, cycle threshold; PICU, pediatric intensive care unit.
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during the Delta period who were 1–4 years of age 
had lower Ct values than children in the same age 
group who were infected during the pre-Delta period 
(adjusted p = 0.031). We did not observe a significant 
interaction between lineage and patient age among 
sequenced samples (Appendix Tables 6–8, Figure 2). 
Furthermore, we did not observe a significant inter-
action between either variant period or sequenced 
lineage and vaccination status (Table 3; Figure 3; Ap-
pendix Tables 6–8, Figure 2).

When we evaluated potential indicators of dis-
ease severity across variant periods, we did not ob-
serve a statistically significant interaction between the 
variant period and patient type (inpatient because of 
COVID-19 vs. outpatient), the presence or absence of 
symptoms, days from symptom onset, or whether in-
patients were admitted to the PICU (Table 3; Figure 
4). Among patients who did not receive supplemen-
tal oxygen, those infected during the pre-Delta period 

had higher Ct values than those infected during the 
Delta (adjusted p = 0.0017) or Omicron (adjusted p = 
0.0238) periods, in addition to having higher Ct values 
than children infected during pre-Delta who received 
supplemental oxygen (adjusted p = 0.0121). However, 
when compared by the highest level of supplemental 
oxygen support received (none, invasive, or 
noninvasive), results were not statistically significant. 
Among sequenced samples, we did not observe any 
statistically significant interactions between lineage 
and disease severity indicators, likely because of Ct 
value bias and smaller sample sizes (Appendix Tables 
6–8, Figure 3).

Discussion
We found that children infected with SARS-CoV-2 
during the Delta and Omicron periods had lower Ct 
values (suggesting higher viral load) than children 
infected during the pre-Delta period. Patients who 
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Figure 3. Ct value patterns of patient 
characteristics across variant periods in study 
of SARS-CoV-2 disease severity in children 
during pre-Delta, Delta, and Omicron periods, 
Colorado, USA, January 2021–January 2022. 
Boxplots indicate overall Ct value patterns 
among patient characteristics across variant 
periods. A) Variant period; B) age group; C) 
vaccination status (unvaccinated vs. vaccinated 
with any number of doses); D) vaccination 
status (unvaccinated vs. vaccinated by number 
of doses). Red = pre-Delta, Blue = Delta, 
Orange = Omicron. Significance was 
determined using 1-way analysis of variance 
(A) or 2-way (B–D) with Tukey test. Brackets 
indicate which comparisons correspond to the 
significance codes, and connected brackets 
indicate comparisons that have the same 
significance code. Ct, cycle threshold.
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were <1 year of age had lower Ct values than chil-
dren in other age groups, a pattern potentially driven 
by Delta. In addition, inpatients with symptomatic 
infections had lower Ct values than asymptomatic 
inpatients, but we did not observe significant differ-
ences in Ct values among disease severity markers 
among variant periods. Therefore, Ct value might 
not be a strong correlate of disease severity outcomes 
across variant periods in children. During the Delta 
and Omicron periods, a greater proportion of inpa-
tients were symptomatic, hospitalized in the PICU, or 
received oxygen support because of COVID-19 than 
during the pre-Delta period, but those proportions 
did not differ significantly between Delta and Omi-
cron. This finding suggests that, for hospitalized chil-
dren, Delta and Omicron infections might be more 
severe than earlier variants, regardless of Ct value.

Although many studies have evaluated relation-

ships between SARS-CoV-2 variants and Ct values or 
viral load (6,7), transmission (23), and symptom se-
verity (3,5,7) in adults, fewer studies have focused on 
children. Therefore, the effects of SARS-CoV-2 vari-
ant on Ct values or viral load and symptom severity 
in this population remain poorly understood.

Previous studies in adults observed that those 
infected by Delta exhibit higher viral loads (6) than 
those infected by previous variants and those infected 
by Omicron exhibit similar viral loads to those infect-
ed by Delta (7). Consistent with our results, previous 
studies in children observed lower Ct values in hos-
pitalized children infected with Delta and Omicron 
than for previous variants (15). On the other hand, 
studies regarding the relationship between viral load 
and patient age yielded mixed results (24). Consistent 
with our results, others have found that infants (25) 
and young children (26,27) exhibit higher viral loads 
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Figure 4. Ct value patterns among markers of disease severity across variant periods in study of SARS-CoV-2 disease severity in 
children during pre-Delta, Delta, and Omicron periods, Colorado, USA, January 2021–January 2022. Boxplots indicate overall Ct 
value patterns across disease severity markers by variant period. A) Patient type (outpatient/not hospitalized, hospitalized because 
of COVID-19); B) symptomatic versus asymptomatic; C) number of days between symptom onset and positive test (symptom onset 
groups); D) hospitalized but not admitted to PICU versus admitted to PICU; E) any type of supplemental oxygen support versus no 
oxygen support received; F) highest level of supplemental oxygen support received (none, noninvasive oxygen support, invasive oxygen 
support). Red = pre-Delta, Blue = Delta, Orange = Omicron. Significance was determined using 2-way analysis of variance with Tukey 
test. Brackets indicate which comparisons correspond to the significance codes, and connected brackets indicate comparisons that have 
the same significance code. Ct, cycle threshold; PICU, pediatric intensive care unit.



RESEARCH

than older children. One study observed that older 
children exhibit similar viral loads to adults (25), 
whereas others found no significant effect of age on 
viral load (28–30). Therefore, more work with larger 
sample sizes or meta-analyses will be required to de-
scribe the relationship between age and Ct values or 
viral load in pediatric cases.

Although not directly addressed in this study, 
differences in viral loads among age groups or among 
SARS-CoV-2 variants have the potential to influence 
SARS-CoV-2 transmission dynamics. Early house-
hold transmission studies found that children trans-
mit SARS-CoV-2 at lower rates than adults (23,31). 
However, more recent studies showed increased 
transmission by children in schools (32) and athletic 
facilities (33) during Delta compared with earlier vari-
ants. In addition, Omicron is more contagious than 
previous variants, including Delta (34). Finally, Costa 
et al. (29) found faster RNA clearance in children than 
in adults, suggesting a shorter viral shedding period, 
which might contribute to differing transmission dy-
namics between adults and children. This finding 
suggests that children might have a more significant 
effect on SARS-CoV-2 transmission dynamics than 
previously thought.

Consistent with our study, Chung et al. (28) found 
lower Ct values in symptomatic children than as-
ymptomatic children. However, we did not observe a 
significant relationship between Ct values and mark-
ers of disease severity across variant periods among 
hospitalized children. Instead, higher proportions 
of hospitalized children exhibited disease severity 
markers during the Delta and Omicron periods than 
during pre-Delta, regardless of Ct values. Similarly, 
Quintero et al. (15) found that children infected by 
Delta were more likely to be symptomatic than those 
infected by earlier variants, and Mitchell et al. (35) 
found the highest proportion of PICU admissions af-
ter the emergence of Omicron. A review by Khemiri 
et al. (36) observed similar clinical manifestations in 
children and adults infected by Delta and Omicron. 
Furthermore, children, particularly those <5 years of 
age, were at higher risk for hospitalization (8,37–39) 
and had a higher incidence of croup (40) during Omi-
cron than during earlier variants. In sum, those stud-
ies suggest that Delta and Omicron infections might 
be more severe in children than previous variants.

The first limitation of our study is that analyses 
of the relationship between WGS-based SARS-CoV-2 
lineage calls and Ct values might be biased toward 
lower Ct values because the CDPHE Laboratory uses 
a cutoff of <28 Ct for WGS. As such, we performed our 
analyses using variant periods to include all samples 

for which we had Ct data, regardless of whether they 
were successfully sequenced, with the understanding 
that a small number of samples might be assigned to 
the incorrect variant period. We found that our analy-
sis lost some power when only looking at samples that 
were successfully sequenced, but the results largely 
agree with the full dataset that used variant periods. 
Second, although the relationship between Ct values 
and quantitative viral load are not exact, they are 
tightly inversely correlated (13). Because we used a 
single quantitative RT-PCR protocol and platform for 
all samples, we expect the Ct patterns, as they relate 
to viral load, to be consistent. Third, whether samples 
with high Ct values represent the beginning or end 
of infection is unclear. However, it is assumed that 
most patients are tested early in the course of infec-
tion. Fourth, because we concluded data collection in 
January 2022, our analyses of Omicron only include 
the sublineages BA.1.1.529, BA.1, and BA.1.1. Because 
of the rapid evolution of SARS-CoV-2, numerous 
Omicron sublineages have emerged since and are not 
included here. Those other sublineages could exhibit 
different characteristics, such as different Ct values 
and altered transmissibility or virulence (34). Future 
work could address those differences among Omi-
cron sublineages. Finally, our analyses only included 
Colorado residents and therefore might not be gener-
alizable to other jurisdictions or geographic locations.

Our study provides insight into the relationship 
between Ct values, the presence of symptoms, and 
disease severity markers across variant periods. A 
strength of our study is the inclusion of in-depth data 
for both inpatient and outpatient populations. Similar 
studies are limited to performing in-depth analyses 
on Ct values to inpatient populations (37). In addition, 
our study is unique in its integration of clinical and 
laboratory data. Furthermore, rather than relying on 
RT-PCR of a small number of mutations to delineate 
variant periods, we were able to use entire genomes, 
enabling more accurate lineage determination.

In conclusion, our results suggest that children 
infected with either Delta or Omicron had lower Ct 
values (suggesting higher viral load) and potentially 
greater disease severity than children infected with 
earlier variants. Those patterns were particularly pro-
nounced in the youngest children (<1 year of age). 
Our data highlight the importance of monitoring 
children, particularly in younger age groups, as new 
variants emerge and including pediatric cases in sur-
veillance efforts for current and future SARS-CoV-2 
variants to understand the potential differences in Ct 
values and viral loads, transmission, and disease se-
verity across the age spectrum.
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Chronic wasting disease (CWD) is a member of 
the prion family of fatal, infectious neurodegen-

erative diseases. CWD affects cervids, such as moose, 
elk, and several species of deer, across much of North 
America, South Korea, and certain countries in north-
ern Europe, including Norway, Finland, and Sweden 
(1). CWD is the most transmissible of the prion dis-
ease family; transmission between cervids is highly 
efficient. Another member of the prion disease fam-
ily, bovine spongiform encephalopathy (BSE), has 
transmitted to humans and caused the emergence of 

variant Creutzfeldt-Jakob disease (vCJD). That trans-
mission is widely believed to have occurred through 
ingestion of contaminated food. Subsequently, con-
cern is ongoing as to whether CWD prions could like-
wise infect humans because of the high likelihood of 
CWD-tainted meat entering the human food chain.

Prions are formed by the conversion of the nor-
mal cellular prion protein (PrP) into abnormally fold-
ed isoforms. The current understanding is that, once 
formed, prions continue to propagate themselves 
by recruiting normally folded PrP molecules, which 
then undergo templated conversion into new prions 
(2,3). In humans, the amino acid sequence of PrP in-
fluences disease susceptibility, manifestation, and 
clinical course. A single amino acid polymorphism at 
codon 129 has been shown to influence susceptibility 
to prion disease, disease duration, phenotype, and the 
propensity of PrP to form amyloid (4,5). Persons can 
be homozygous for methionine (MM) or valine (VV) 
at codon 129 or heterozygous (MV), with the preva-
lence of each allele varying by geographic location (5). 
Worldwide, the 129 MM and MV genotypes comprise 
≈80%–100% of the population (5). When BSE crossed 
the species barrier and transmitted to humans, the 
MM polymorphism was present in most symptomat-
ic patients; only 1 possible and 1 confirmed case in pa-
tients carrying the MV polymorphism were identified 
(6–8). After the BSE epidemic, histological screening 
of appendices was used to attempt an approximation 
of the prevalence of preclinical or subclinical vCJD. 
This screening found abnormal PrP in all 3 genotypes 
in the ratio of 2:1:1 (MM:MV:VV), which indicated 
BSE infection might be possible in persons of all 3 
genotypes (9). That finding is, however, confound-
ed by the finding of the follow-up appendix-3 sur-
vey that abnormal PrP was present in 2 appendices  
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Chronic wasting disease (CWD) is a cervid prion dis-
ease with unknown zoonotic potential that might pose a 
risk to humans who are exposed. To assess the potential 
of CWD to infect human neural tissue, we used human 
cerebral organoids with 2 different prion genotypes, 1 of 
which has previously been associated with susceptibility 
to zoonotic prion disease. We exposed organoids from 
both genotypes to high concentrations of CWD inocula 
from 3 different sources for 7 days, then screened for in-
fection periodically for up to 180 days. No de novo CWD 
propagation or deposition of protease-resistant forms of 
human prions was evident in CWD-exposed organoids. 
Some persistence of the original inoculum was detected, 
which was equivalent in prion gene knockout organoids 
and thus not attributable to human prion propagation. 
Overall, the unsuccessful propagation of CWD in ce-
rebral organoids supports a strong species barrier to 
transmission of CWD prions to humans.
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removed before the known BSE exposure period (10). 
Therefore, although the onset of BSE exposures might 
have begun sooner than originally realized, resulting 
in earlier silent infections, a low background of abnor-
mal (but not necessarily pathogenic) PrP could possi-
bly be present in lymphoid tissue of the wider popu-
lation, independent of BSE exposure (10). Despite this 
possibility, most patients who contracted vCJD from 
BSE-infected meat had methionine homozygosity at 
codon 129, supporting increased susceptibility of this 
genotype to infection.

In attempts to ascertain the risk to humans posed 
by CWD-tainted meat or other cervid-derived prod-
ucts, various studies have looked at the propensity 
of cervid prions to cross the species barrier, seed the 
conversion of human prions, and by inference deter-
mine the likelihood of causing human disease. In vi-
tro studies have demonstrated that CWD prions can 
seed human PrP substrates (11,12), although conver-
sion of human PrP was less efficient than for cervid 
PrP (12). Transmission studies in mice have princi-
pally shown that CWD prions do not readily infect 
transgenic mice expressing either normal or very 
high levels of human PrP (13–17). However, using 
the highly sensitive real-time quaking-induced con-
version (RT-QuIC) assay, low levels of PrP seeding 
activity could be detected in 4/50 tg66 mice inocu-
lated with either elk or whitetail deer CWD, in the ab-
sence of any other indicators of disease (18). The tg66 
mice express levels of human PrP 8–16-fold above 
normal; when the same inocula were tested in mice 
expressing only 2–4-fold higher levels, no seeding 
activity was detected. Follow-up experiments passag-
ing brain material from those 4 mice demonstrated a 
lack of prion infectivity in the brain, suggesting that 
what was detected was likely residual inoculum, or 
false-positive reactions, and not transmissible disease 
(19). Conversely, a different study indicated putative 
transmission, finding RT-QuIC activity in 77.7% of 
CWD-inoculated tg650 mice (6-fold overexpression 
of human PrP); 44.4% displayed progressive clinical 
signs (myoclonus) although only 1 mouse had his-
tochemical abnormalities (20). Any potential trans-
mission is cause for concern; thus, models that more 
closely represent humans are required.

The need for models that are more closely re-
lated to humans has been partially addressed using 
nonhuman primates. Transmission of CWD to squir-
rel monkeys has been readily demonstrated but, to 
date, transmission studies in cynomolgus macaques 
(a closer laboratory animal model to humans than 
squirrel monkeys) have not shown evidence of pri-
on disease (21,22). In those studies, no markers of 

prion infection were found in macaques euthanized 
as many as 13 years after inoculation with CWD 
(22). In contrast, BSE readily transmitted to ma-
caques, causing behavioral and cerebellar signs and 
progressing to extremely severe ataxia within a few 
weeks of initial clinical signs (23). For adult animals, 
euthanasia was required at ≈160 weeks after inocu-
lation. This encouraging difference between BSE 
and CWD supports a strong species barrier against 
CWD infecting humans.

To further address those questions of suscepti-
bility, we used human cerebral organoids (hCOs) to 
model CWD infection in human neural tissue. hCOs 
are spheres of self-structuring brain tissue grown in 
a dish and are the closest model to human brain cur-
rently available. They are susceptible to infection with 
human prions and faithfully propagate the infecting 
prion strain (24,25). Using the predominant codon 
129 genotypes, including the most susceptible to BSE 
(129MM) and the most common codon 129 genotype 
in many countries (129MV), we sought to determine 
whether CWD infection could be established in hu-
man cerebral organoid cultures by direct exposure to 
high titers of CWD prions.

Methods

Human-Induced Pluripotent Stem Cells and Culture
The production and routine maintenance of the hu-
man-induced pluripotent stem cells (hu-iPSCs) used 
in this study have been described in detail previously 
(25). In brief, codon 129MV (ACS-1023; ATCC) and 
129MM hu-iPSCs (RAH019A) (26) were routinely cul-
tured on low growth factor Matrigel in mTeSR1 Plus 
medium with 5% CO2 in a humidified incubator and 
passaged before colonies started to contact each other.

CRISPR/Cas9 Knockout of PRNP
Knockout (KO) of PRNP by CRISPR/Cas9 cloning 
was performed by Applied StemCell (https://www.
appliedstemcell.com). The guide RNAs G1 GCTTC-
GGGCGCTTCTTGCAG and G2 CTGGGGGCAGC-
CGATACCCG were used to introduce a frameshift 
mutation around aa 21 (within the N terminal sig-
nal sequence) (Appendix, https://wwwnc.cdc.gov/
EID/article/30/6/23-1568-App1.pdf).

Human Cerebral Organoid Generation  
and Routine Culture
We generated cerebral organoids using the cerebral 
organoid differentiation kit (StemCell Technolo-
gies, https://www.stemcell.com), which follows 
the protocol described in Lancaster et al. (27). After 
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differentiation, cultures were maintained in coni-
cal flasks on an orbital shaker at 80 rpm in com-
plete maintenance medium: 1 × glutamax, 1 × peni-
cillin/streptomycin solution, 0.5% vol/vol N2, 1% 
vol/vol B12 with retinoic acid (all ThermoFisher 
Scientific, https://www.thermofisher.com) and 
0.5 × nonessential amino acids, 0.025% vol/vol in-
sulin, and 0.00035% vol/vol 2-Merceptoethanol (all 
Sigma-Aldrich, https://www.sigmaaldrich.com) 
in 1:1 Neurobasal:DME-F12 medium (ThermoFish-
er Scientific), under standard incubator conditions 
(5% CO2, 37°C, humidified).

Prion Infections of Human Cerebral Organoids
We cultured hCOs for 5 months before infection to 
enable the development of astrocytes and maturation 
of neurons (28). We diluted previously characterized 
brain homogenates (29) from an uninfected deer, a 
pool of 6 CWD-infected mule deer, a pool of 7 CWD-
infected white-tailed deer, an uninfected elk, a pool of 
6 CWD-infected elk, and sporadic CJD (sCJD) (MV2) 
into organoid maintenance media to a final concen-
tration of 0.1% (tissue wet) wt/vol (Table). Control 
sCJD brain homogenate was a kind gift from Gianlu-
igi Zanusso (University of Verona, Italy). At the start 
of infection, existing media were removed from the 
organoids and replaced with the inoculated media. 
At 24 hours after inoculation, we added an equiva-
lent volume of fresh media to the cultures (diluting 
the original inoculum 1:1). We performed a full media 
and vessel exchange 7 days after initial exposure.

RT-QuIC Analysis
We performed RT-QuIC assays as previously de-
scribed (25). We homogenized organoids to 10% 
wt/vol in phosphate-buffered saline by motorized 
pestle and cleared by centrifugation at 2,000 × g for 2 
minutes. We serially diluted organoid homogenates 
diluted in 0.1% sodium dodecyl sulfate/phosphate-
buffered saline/N2 solution to 0.1% wt/vol, a 10−3 

dilution, and loaded 1 μL into each well of a black 
384-well plate with a clear bottom (Nunc) contain-
ing 49 μL of reaction mixture. RT-QuIC reaction mix 
contained 10 mM phosphate buffer (pH 7.4), 300 mM 
NaCl, 0.1 mg/ml of truncated hamster recombinant 
PrP (amino acids 90–231), 10 μM thioflavin T (ThT), 
0.002% SDS (contributed by homogenate dilution), 
and 1 mM ethylenediaminetetraacetic acid tetraso-
dium salt (EDTA). We sealed plates using a Nalgene 
Nunc International sealer (ThermoFisher Scientific) 
and incubated in a FLUOstar Omega plate reader 
(BMG LabTech, https://www.bmglabtech.com) at 
50°C with cycles of 60 seconds of shaking (700 rpm, 
double-orbital) and 60 seconds of rest throughout the 
50-hour incubation time. We took ThT fluorescence 
measurements (excitation, 450 + 10 nm; emission, 
480 + 10 nm [bottom read]) every 45 minutes. We ran 
quadruplicate reactions for each sample. We consid-
ered an individual reaction positive if its maximum 
fluorescence reading within 50 hours was >10% of the 
maximum fluorescence reading in the experiment. 
We considered a sample positive if >25% of the repli-
cate reactions were scored as positive. We performed 
estimates of the concentrations of seeding activity us-
ing endpoint dilution analysis and calculated with 
Spearman-Kärber analyses as previously described 
(25) and provided as 50% seeding dose.

Immunohistochemistry
We submitted 2–6 organoids from each experimen-
tal group for histologic studies. Organoids were im-
mersed in 3.7% neutral buffered formalin for ≈24 
hours before standard embedding in paraffin. We 
performed immunohistochemical (IHC) staining 
specifically for PrP using 3 different PrP antibodies: 
SAF32 (Cayman Chemical, https://www.cayman-
chem.com) (30), F89/160.1.5 (F89) (GeneTex, https://
www.genetex.com) (31) and F99/97.6.1 (F99) (VMRD, 
Inc., https://vmrd.com) (31). We sectioned organoids 
into 5-µm slices and performed deparaffinization, 
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Table. Inoculum details used in study of attempted CWD prion transmission to human cerebral organoids* 
Sample Name log LD50/mg brain† log SD50/mg brain‡ 
Human normal brain homogenate hNBH Negative Negative 
Human sporadic CJD MV2 CJD ND 6.9 
Deer normal brain homogenate dNBH Negative Negative 
Whitetail deer CWD§ (pool of 7) dCWD1 5.6 (WTD) 6 
Mule deer CWD¶ (pool of 6) dCWD2 5.7 (MD) 6.2 
Elk normal brain homogenate eNBH Negative Negative 
Elk CWD# (pool of 6) eCWD 5.3 6.5 
*CJD, Creutzfeldt-Jakob disease; CWD, chronic wasting disease; LD50, 50% lethal dose; negative, negative control; ND, not done; SD50, 50% seeding 
dose. 
†Adapted from Race et al. (29).  
‡Inocula.  
§WTD-1 in nomenclature as found in (29). 
¶MD-1 in nomenclature as found in (29) 
#Elk-2 in nomenclature as found in (29). 
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antigen retrieval and staining using the Discovery 
Ultra Staining Module (Roche, https://www.roche.
com). We retrieved antigens for all PrP IHC staining 
by using extended cell conditioning with CC1 buffer 
(Roche) containing Tris-Borate-EDTA, pH 8.0 for 100 
minutes at 95°C. Before staining, we applied a horse 
serum blocker (Vector #136021) at 37°C for 20 min-
utes. To stain PrP, we applied either SAF32 at a dilu-
tion of 1:2,000, F89 at 1:250, or F99 at 1:25 for 1 hour at 
37°C. We performed all antibody dilutions using anti-
body dilution buffer (Roche). The secondary antibody 
for all 3 primary PrP antibodies was horse anti-mouse 
IgG (Vector #30129), applied undiluted for 32 min-
utes at 37°C, followed by detection with ChromoMap 
DAB (Roche). We digitized and analyzed all histo-
pathology slides using Aperio Imagescope software 

(https://www.leicabiosystems.com/us/digital- 
pathology/manage/aperio-imagescope).

Proteinase K Digests and Western Blot Analysis
We performed proteinase K digests and Western 
blot analysis as described previously (25). In brief, 
we treated 10% organoid homogenates with 5 μg/
mL proteinase K in 1% Sarkosyl for 1 hour at 37°C 
with 400 rpm shaking. We ran equal volumes of the 
digested 10% homogenates on Bolt 4%–12% Bis-Tris 
gels and transferred to PVDF membranes using the 
iBlot 2 transfer system (ThermoFisher Scientific). 
We detected PrP by using the 3F4 antibody (Milli-
pore Sigma, https://www.emdmillipore.com) at a 
1:10,000 dilution, visualized using ECL Select (Cy-
tiva, https://www.cytivalifesciences.com), and im-
aged on the iBright imaging system (ThermoFisher 
Scientific). We visualized total protein with Coo-
massie blue staining.

PrestoBlue and Lactate Dehydrogenase
We assessed relative organoid health using Presto-
Blue metabolism and lactate dehydrogenase (LDH) 
release assays, per the manufacturer’s instructions. 
In brief, we plated 3–6 random representative or-
ganoids from each group in 24-well plates with 0.5 
mL of fresh media. Approximately 24 hours later, 
we mixed 50 µL media with 50 µL LDH catalyst and 
dye in a 96-well plate, then incubated the plate for 
15 minutes at 37°C before adding 25 µL of stop so-
lution. We measured absorbance on the ClarioStar 
plate reader (BMG LabTech) at 460 nm, subtract-
ing reference wavelength 690 nm from the reading. 
Once LDH was measured, we used the same organ-
oids for PrestoBlue metabolism. We diluted Presto-
Blue reagent in organoid maintenance media at a 
1:10 ratio. We then removed the organoids’ existing 
media, added 0.5 mL of the PrestoBlue media, and 
incubated at 37°C for 30 minutes before transferring 
the media to a black 96-well plate for analysis. We 
measured fluorescence at 560 nm excitation and 590 
nm emission in the ClarioStar plate reader. Values 
are presented as relative change from the normal 
brain homogenate (NBH) controls.

Results

Organoid Viability after CWD Exposure
We immersed hCOs for 7 days in media containing 
negative control normal brain inocula either from 
humans (hNBH), deer (dNBH), or elk (eNBH) or in-
fectious prions from sCJD human brain homogenate 
(CJD; positive control), 2 species of deer (dCWD1, 
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Figure 1. PrestoBlue viability and LDH release assays for the 
129MM (A) and 129MV (B) representative organoids measured 
before harvest at 180 days post innoculation in study of lack 
of transmission of CWD prions to human cerebral organoids. 
Results indicate CWD exposure does not reduce organoid 
viability. Individual dots represent a single organoid, bars indicate 
the mean response, and error bars show SDs. No condition 
was statistically changed from controls as determined by 1-way 
analysis of variance with Welch’s correction. au, arbitrary units; 
CJD, Creutzfeldt-Jakob disease; CWD, chronic wasting disease; 
dCWD1, whitetail deer CWD; dCWD2, mule deer CWD; dNBH, 
deer normal brain homogenate; eCWD, elk CWD; eNBH, 
elk normal brain homogenate; hNBH, human normal brain 
homogenate; LDH, lactate dehydrogenase.
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dCWD2), or elk (eCWD), as previously described 
(Table). We monitored hCOs for 180 days after infec-
tion for visible signs of distress, including changes in 
appearance and metabolizing of the media. Before 
the final harvest, we assessed 3 or 4 organoids from 
each treatment group for differences in metabolism 
by PrestoBlue viability assay or cellular integrity by 
LDH release. Although there was wide variability in 
the organoid responses, no signs of decreased health 
were evident in any condition (Figure 1). Thus, expo-
sure to the homogenates had no influence on organ-
oid viability.

Propagation of MV2 sCJD Prions in 129MM  
and 129MV Organoids
We have previously demonstrated that 129MV hCOs 
are susceptible to infection with human 129MV pri-
ons (25,32) and that 129MM hCOs are susceptible 
to infection with human 129MM prions (33). As a 
positive control, and to ensure that 129MM organ-
oids were also susceptible to 129MV prions, we in-
oculated both organoid lines (129MV and 129MM) 
with 129MV2 human sCJD prions and assessed RT-
QuIC seeding activity and protease-resistant PrP (a 
biochemical marker of disease associated prion de-
position) at 56 and 180 days postinoculation (dpi). 
RT-QuIC seeding activity was present at 56 dpi and 
showed a significant increase after incubation to 180 
dpi (Figure 2, panel A). No protease-resistant PrP 

could be detected within the organoids at 56 dpi, but 
significant accumulation had occurred by 180 dpi 
(Figure 2, panel B). Therefore, the CJD control or-
ganoids did take up infection and propagate it, with 
accumulation over time.

No Propagation of PrP Seeding Activity in  
CWD-Exposed Organoids
RT-QuIC analysis of the organoids collected at 180 
dpi showed that, with the exception of the CJD-
positive controls, no inoculum in either the codon 
129MM or 129MV organoids resulted in the produc-
tion of significant seeding activity (Figure 3). In the 
case of the 129MM hCOs, some weak positive sig-
nals were observed (Figure 3; Appendix Figure 2). 
However, similar observations were made in geneti-
cally matched PrP KO organoids (Figure 3; Appen-
dix Figure 2, gray markers), which have no PrP sub-
strate for propagation of misfolding. Coupled with a 
decline in seeding activity over the course of the ex-
periment (Appendix Figure 2), this finding suggests 
that the observed signals are a likely result of re-
sidual inocula persisting in the organoids for a pro-
longed period, producing false-positive reactions. 
Altogether, RT-QuIC analysis for prion seeding ac-
tivity indicated that none of the CWD-inoculated 
organoids contained seeding activity indicative of 
actively propagating infection, such as is seen with 
CJD-infected hCOs.
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Figure 2. Demonstration of infection and accumulation of MV2 sporadic CJD prions in human cerebral organoids in study of lack of 
transmission of chronic wasting disease prions to human cerebral organoids. Both the 129MM and MV organoids were infected with 
MV2 sporadic CJD prions to ensure uptake and accumulation could be measured in both lines. A) Real-time quaking-induced conversion 
seeding activity; B) accumulation of protease resistant prion protein were assayed at 56 and 180 dpi. Each marker in panel A represents 
the organoid from an individual with the means and SDs of all organoids per condition indicated. Panel B indicates Western blots using 
prion 3F4 antibody following protease digest of lysates from 2 representative MM and 2 representative MV organoids that received the 
same starting inoculum (MV2 CJD) along with a 129MM 180dpi organoid that received hNBH. CJD, Creutzfeldt-Jakob disease; dpi, days 
postinoculation; hNBH, human normal brain homogenate.
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No Protease-Resistant PrP in CWD-Exposed Organoids
Accumulation of disease-associated, protease-resis-
tant PrP is also a hallmark of prion disease. Therefore, 
we probed organoid homogenates from the CWD in-
fections for PrP levels with and without proteinase K 
digestion. Protease-resistant PrP was only observed 
in the CJD-infected control organoids and not in any 
of the CWD-exposed organoids (Figure 4), and none 
of the CWD conditions showed a significant increase 
in total PrP levels (Figure 4).

No Human Prion Deposition in CWD-Exposed Organoids
Histologic examination of the tissues at the conclu-
sion of the experiment (180 dpi) showed no evidence 
of pathology or plaques within the CWD-inoculated 
organoids. However, several dCWD2 and eCWD or-
ganoids contained scattered regions of abnormal PrP 
deposition. Although the PrP KO organoids showed 

no native PrP staining compared with the back-
ground hue of normal PrP expression seen in the wild 
type organoids, further examination revealed abnor-
mal PrP deposits similar to those seen in the wild type 
organoids using the SAF32 PrP antibody. This finding 
indicates that the deposits are likely residual CWD 
inoculum and not de novo deposition of human PrP 
(Figure 5, panel A). To verify that those deposits were 
indeed residual inocula, we further analyzed the tis-
sue slices using F89 and F99 PrP antibodies. F89 is a 
PrP antibody that detects both cervid and human PrP, 
similar to SAF32, whereas F99 is a PrP antibody that 
detects only cervid PrP and not human PrP. Stain-
ing with F89 demonstrated similar results for both 
CJD- and CWD-exposed organoids, similar to that of 
SAF32. However, when stained with the F99 cervid 
PrP antibody, only the CWD-exposed hCOs showed 
PrP staining, confirming that the positive staining  
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Figure 3. Real-time quaking-induced conversion (RT-QuIC) seeding activity of CWD-exposed organoids in study of lack of transmission 
of chronic wasting disease prions to human cerebral organoids. RT-QuIC seeding activity in organoids harvested at 180 days 
postinoculation is shown as either % positive wells (A, B) or the reciprocal of time-to-significance threshold (C, D) for the 129MM (A, C) 
and 129MV (B, D) organoids. Dotted lines indicate the threshold above which a sample would be classified as positive. Individual dots 
show single organoids with the means and SDs indicated. Gray symbols are indicative of knockout organoids. No significant differences 
were observed between the CWD-inoculated wild type organoids and their corresponding knockout organoids by Welch’s t-test. CJD, 
Creutzfeldt-Jakob disease; CWD, chronic wasting disease; dCWD1, whitetail deer CWD; dCWD2, mule deer CWD; dNBH, deer normal 
brain homogenate; eCWD, elk CWD; eNBH, elk normal brain homogenate; hNBH, human normal brain homogenate.
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material was cervid in origin and not converted hu-
man PrP (Figure 5, panel B; Appendix Figure 4). Al-
together, despite clear accumulation of pathogenic 
(seeding positive, protease-resistant) PrP in the sCJD-
infected organoids, prolonged, high-dose exposure of 
hCOs to CWD prions was not sufficient to cause con-
version of human PrP or disease propagation.

Discussion
The data presented in this study show that, despite 
weeklong exposure to CWD prions with high infec-
tivity and the capacity to readily become infected 
with CJD prions, hCOs were not capable of propagat-
ing CWD prions. This finding indicates that, even af-
ter direct exposure of human central nervous system 
tissues to CWD prions, a substantial resistance or bar-
rier to the propagation of infection exists.

Although we tested the 2 most common PrP 
genotypes (129MM and 129MV), our results do not 
preclude the possibility that homozygosity for the 
valine allele at codon 129 would result in increased  

susceptibility to CWD. There is precedent for that 
possibility. Wang et al. (34) were able to generate 
human CWD prions by using the protein misfold-
ing cyclic amplification (PMCA) assay. Using that 
approach, the authors found that elk CWD prions 
could trigger conversion and amplification of human 
129VV PrP in brain homogenate that was subsequent-
ly transmissible to mice. Conversely, 129MM human 
brain homogenate would not amplify CWD, and 129 
MV brain homogenate was not tested. Other studies, 
however, have demonstrated CWD codon 129 sus-
ceptibility similar to BSE in vitro, where methionine 
homozygosity shows greater susceptibility to conver-
sion with some CWD samples (11). Barria et al. (11) 
found that humanized mouse-derived MM substrates 
showed some degree of conversion by white-tailed 
deer CWD prions by PMCA, whereas MV and VV 
substrates were resistant. All 3 genotypes, however, 
showed susceptibility to reindeer CWD prions. Those 
assays showed that, given the right circumstances, 
human PrP can be seeded by cervid CWD prions; 
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Figure 4. Western blot analysis of total PrP and PrPres levels in representative organoids for sporadic CJD and CWD-exposed human 
cerebral organoids in study of lack of transmission of chronic wasting disease prions to 129mm (A) and129MV (B) human cerebral 
organoids. Matched KO organoids inoculated with dCWD2 or eCWD are shown for comparison. Densitometric analysis (shown in bottom 
panels) shows total PrP levels relative to total protein with each point representing an individual organoid; means and SDs are indicated. 
p values were calculated using Welch’s t-test. Uncropped Western analyses are shown in Appendix Figure 3 (https://wwwnc.cdc.gov/EID/
article/30/6/23-1568-App1.pdf). CJD, Creutzfeldt-Jakob disease; CWD, chronic wasting disease; dCWD1, whitetail deer CWD; dCWD2, 
mule deer CWD; dNBH, deer normal brain homogenate; eCWD, elk CWD; eNBH, elk normal brain homogenate; hNBH, human normal 
brain homogenate; KO, knockout; PrP, prion protein; PrPres, protease-resistant prion protein.
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however, they forced a reaction in a way that might 
not be representative of the genuine risk to humans 
from a more natural exposure. The lack of propaga-
tion in the organoid model supports the idea that oth-
er aspects of the PMCA reaction, such as the radicals 
formed by sonolysis (35), might be necessary to initi-
ate the observed conversion.

A lack of transmission of CWD to the human 
cerebral organoid model supports the data found in 
macaques, where transmission did not produce prion 
disease (21,22,29). That finding is in clear contrast to 
BSE, in which the macaques infected with BSE pri-
ons succumbed to prion disease (36,37). BSE has also 
been demonstrated to infect humanized mice (38,39). 
Inoculation of humanized mice with CWD has been 
mostly unsuccessful in causing infection (13,17–19), 
but transmission of CWD to humanized mice was 
observed in 1 study (20). Those mice overexpressed 
(≈6-fold) human PrP with methionine at codon 129. 
Our cerebral organoids, which also express methio-
nine at codon 129 (129MM and 129MV), are a model 
of completely human brain tissue with normal PrP 
expression levels. Thus, this finding suggests that 

the mouse background, possibly in combination with 
overexpression of human PrP, is a more favorable en-
vironment than human brain tissue for CWD infec-
tion to occur.

The organoid model, although the closest to hu-
man brain tissue currently available, has various limi-
tations and does not reproduce all aspects of the hu-
man brain (40). Thus, hCOs might be lacking factors 
or cell types that would make the human brain more 
susceptible to CWD prions. Many more unknowns 
cannot be accounted for in this system. For example, 
we cannot exclude unknown susceptibility factors 
that could make a small population more vulnerable 
to infection, and we have not tested all cervid geno-
types against all human genotypes. Likewise, the pos-
sibility remains that new strains of CWD with the ca-
pacity to cross the species barrier could emerge in the 
future. For now, our data suggest that such seeding of 
human PrP by cervid CWD prions is unlikely to occur 
or be sustained in human brain tissue.

In conclusion, experimental transmissions of 
3 sources of CWD to 2 PRNP codon 129 genotypes 
of human cerebral organoids were unsuccessful.  
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Figure 5. Prion protein (PrP) deposits in organoids. A) Deposits of PrP in 129MM and KO organoids detected with SAF32 antibody in 
study of lack of transmission of chronic wasting disease prions to human cerebral organoids. B) Prion deposition in sequential slices 
of representative 129MV organoids is detected by both SAF32 (i) and F89 (ii) total PrP antibodies in both CWD and CJD inoculated 
organoids. Cervid PrP-specific antibody F99 (iii) detects the same deposits in the just the CWD inoculated organoids, indicating that the 
deposits are of cervid origin (i.e., inocula) and not misfolded human PrP. Scale bars indicate 50 µm. CJD, Creutzfeldt-Jakob disease; 
CWD, chronic wasting disease; dCWD2, mule deer CWD; dNBH, deer normal brain homogenate; eCWD, elk CWD; KO, knockout.
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Although we cannot rule out the possibility of CWD 
crossing into humans, our data suggest that a signifi-
cant species barrier exists, even when human brain 
tissue is directly exposed to high-titer CWD brain ho-
mogenate for a prolonged period.
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Arthropodborne viruses are distinguished by 
alternating transmission between arthropod 

vectors and vertebrates. Some of the most clini-
cally relevant arboviruses (e.g., dengue, Zika, and 

yellow fever) belong to the genus Flavivirus. Den-
gue virus (DENV) alone threatens more than half 
the world’s population (1). DENV, transmitted by 
female Aedes mosquitoes, consists of 4 serotypes, 
DENV-1–4. Each serotype comprises 4–6 major  
lineages (genotypes), composed of various sublin-
eages or clades (2). Clinical manifestations of infec-
tion may vary by DENV serotype, genotype, and 
clade (3–6); infection outcome (asymptomatic to 
potentially fatal disease) is also modulated by prior 
immunity. Knowledge of the complexities of DENV 
serotype, genotype, and specific lineage circulation 
is critical for improving public health responses  
to outbreaks.

Dengue epidemics cycle every 2–5 years in 
tropical and subtropical regions and are strongly 
influenced by season (7). In many countries, increas-
ing human mobility, societal changes affecting hu-
man–mosquito contact, and challenges with vector 
control have all contributed to increased dengue 
epidemic activity and a change from nonendemic 
or hypoendemic patterns (noncontinuous transmis-
sion of a single serotype) to hyperendemic trans-
mission patterns (multiple cocirculating serotypes) 
(8), resulting in increased interannual duration of 
transmission activity with fewer intervening years 
of little to no transmission.

DENV was first detected in Nicaragua in 1985 
(9); since then, the 4 serotypes have periodically cir-
culated in the country, albeit differing in relative 
and overall prevalence (5,9–12). Dengue has become 
a serious public health concern in Nicaragua be-
cause of its incidence and potential for severe and 
possibly fatal disease (10,13,14). We investigated the  
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Major dengue epidemics throughout Nicaragua’s his-
tory have been dominated by 1 of 4 dengue virus se-
rotypes (DENV-1–4). To examine serotypes during the 
dengue epidemic in Nicaragua in 2022, we performed 
real-time genomic surveillance in-country and docu-
mented cocirculation of all 4 serotypes. We observed 
a shift toward co-dominance of DENV-1 and DENV-4 
over previously dominant DENV-2. By analyzing 135 
new full-length DENV sequences, we found that intro-
ductions underlay the resurgence: DENV-1 clustered 
with viruses from Ecuador in 2014 rather than those 
previously seen in Nicaragua; DENV-3, which last cir-
culated locally in 2014, grouped instead with South-
east Asia strains expanding into Florida and Cuba in 
2022; and new DENV-4 strains clustered within a South 
America lineage spreading to Florida in 2022. In con-
trast, DENV-2 persisted from the formerly dominant Ni-
caragua clade. We posit that the resurgence emerged 
from travel after the COVID-19 pandemic and that the 
resultant intensifying hyperendemicity could affect fu-
ture dengue immunity and severity.
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molecular and epidemiologic characteristics of the 
2022 epidemic after air travel resumed and neigh-
boring countries fully reopened their borders after 
the COVID-19 pandemic. We observed substantial 
cocirculation of all 4 DENV serotypes, including 
DENV-4 after a 30-year absence of epidemic trans-
mission. We generated virus genome sequences in 
Nicaragua using a portable genomic approach, en-
abling a detailed description of DENV evolution-
ary histories and demonstrating the introduction of 
new clades of 3 serotypes (DENV-1, DENV-3, and 
DENV-4) and persistence of DENV-2.

Materials and Methods

Ethics Statement
Protocols for the collection and testing of samples 
were reviewed and approved by the institutional 
review board of the University of California, Berke-
ley (PDCS: 2010-09-2245; PDHS: 2010-06-1649; 
A2CARES: 2021-03-14191). They were also approved 
by the institutional review board of the Nicaraguan 
Ministry of Health (PDCS: CIRE 09/03/07/-008.
Ver25; PDHS: CIRE 01/10/06-13. Ver. 18; A2CARES: 
CIRE 02/08/21-114 Ver. 4).

Study Population and Sample Collection
Samples were collected during June–December 2022 
as part of 3 ongoing studies, the Nicaraguan Pediat-
ric Dengue Cohort Study (PDCS), Pediatric Hospital-
based Study (PDHS), and Asian-American Center 
for Arbovirus Research and Enhanced Surveillance 
(A2CARES) cohort study (part of the National In-
stitutes of Health Centers for Research in Emerging 
Infectious Diseases Network), and through the Na-
tional Dengue Surveillance Program of the Nicara-
guan Ministry of Health (Appendix Table, https:// 
wwwnc.cdc.gov/EID/article/30/6/23-1553-App1.
pdf). Since 2004, the PDCS has been conducted with-
in the Sócrates Flores Vivas Health Center catchment 
area in District 2 of Managua, with participants 2–17 
years of age (3,13,15,16). The PDHS collects samples 
from patients with suspected dengue 6 months–14 
years of age who receive medical attention in the In-
fectious Diseases Ward of the National Pediatric Ref-
erence Hospital in Managua (Hospital Infantil Man-
uel de Jesús Rivera) and who have received parent/
guardian consent for the study (17). The A2CARES 
cohort study follows ≈2,000 persons 2–80 years of age 
in ≈1,000 households in District 3 of Managua.

We selected 3,171 suspected dengue cases for po-
tential sequencing analysis, of which 1,353 were con-
firmed as DENV-positive with known serotype. To 

ensure a representative national distribution in the 
selection of samples for sequencing, we included 10 
±2% of the DENV-confirmed serotyped samples from 
each department that had adequate coverage for ge-
nomic analysis (n = 135), which included samples from 
the studies in Managua. We sequenced 49 DENV-1, 
6 DENV-2, 38 DENV-3 and 42 DENV-4 samples that 
were positive by real-time reverse transcription PCR 
(rRT-PCR). To assess the relationships of the samples 
collected in 2022 to previously circulating strains from 
Nicaragua, we included 68 DENV-1, 62 DENV-2, and 
51 DENV-3 previously published sequences (5,10,18).

RNA Extraction and RT-PCR
Serum or plasma collected during the acutephase 
(days 1–5 since symptom onset) from patients with 
suspected dengue was processed at the National Vi-
rology Laboratory (Centro Nacional de Diagnóstico 
y Referencia, Ministerio de Salud, Managua, Nicara-
gua). We extracted viral RNA by using the QIAmp 
viral RNA mini kit (QIAGEN, https://www.qiagen.
com) according to manufacturer instructions and 
used it to perform a single-reaction multiplex rRT-
PCR for detection of Zika virus, chikungunya virus, 
and DENV (19). We further analyzed DENV-positive 
samples to identify the infecting serotype by using 
a multiplex DENV rRT-PCR (20,21). We prioritized 
cycle threshold values <28 for genomic sequencing to 
ensure the presence of ample genetic material, which 
ultimately enhanced sequence quality, minimized 
contamination risk, and improved detection sensitiv-
ity. In >90% of cases, sequences included in genomic 
analysis had >60% genome coverage.

Library Preparation and Next-Generation Sequencing
We reverse transcribed sample RNA (8 μL) with 2 μL 
LunaScript RT SuperMix (New England Biolabs, Inc., 
https://www.neb.com) as follows: 25°C for 2 min-
utes, 55°C for 10 minutes, 95°C for 1 minute, and a 
4°C hold. The PCR reaction mixture contained 13.75 
μL of nuclease-free water, 1.5 μL of pool A and pool 
B primers, 5 μL of 5X Q5 reaction buffer, 2 μL of 2.5 
mM dNTPs (Invitrogen, https://www.thermofisher.
com), 0.25 μL of Q5 DNA polymerase, and 2.5 μL of 
sample cDNA (22,23). PCR amplification consisted 
of 98°C for 30 seconds, followed by 45 cycles of 98°C 
for 15 seconds and 65°C for 5 minutes, followed by a 
12°C hold. We selected samples with a 900-bp band 
in the pool A and pool B mix for sequencing. Using 
5 μL pooled PCR products (from pools A and B), we 
prepared the cDNA MinION library by using a native 
barcoding kit (NBD196; NgelabKampus, https://
ngelabkampus.com) with a ligation sequencing kit 
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(LSK-109; Interprise, https://interpriseusa.com) at 
30°C for 2 minutes and 80°C for 2 minutes accord-
ing to manufacturer instructions. We cleaned up PCR 
products by using AmpureXP purification beads 
(Beckman Coulter Diagnostics, https://www.beck-
mancoulter.com) and loaded the DNA library onto a 
primed MinION flow cell R9.4 (FLO-MIN 106; Oxford 
Nanopore Technologies, https//nanoporetech.com).

Consensus Genomes
We extracted raw sequence reads by using filters for 
quality and trimmed adaptors by using Porechop ver-
sion 0.2.3_seqan 2.1.1 (https://github.com/rrwick/
Porechop) and assessed resulting sequence quality 
by using Nanoplot (24). We mapped raw reads by 
using Minimap2 v2.17-R941 (https://github.com/
lh3/minimap2) against reference genomes from 
GenBank for DENV-1 (accession no. NC_001474), 
DENV-2 (accession no. NC_001474.2), DENV-3 (ac-
cession no. NC_001475.2), and DENV-4 (accession 
no. NC_002640.1) by using the pipeline at https://
github.com/gvaleman/CONSENSO_D. We gener-
ated consensus sequences by using SAMtools ver-
sion 1.7 (https://www.htslib.org/doc/1.7/samtools.
html) with the default minimum depth coverage of 1 
and confirmed the serotype by using Genome Detec-
tive Arbovirus Typing software version 4.1 (https://
www.genomedetective.com) and BLAST (https://
blast.ncbi.nlm.nih.gov). Mean depth coverage by se-
rotype per SAMtools-depth tool was 221 for DENV-1, 
68 for DENV-2, 516 for DENV-3, and 393 for DENV-4.

Phylogenetic Analyses
To increase the resolution of the genetic related-
ness of the 2022 viruses in terms of genotype, 
country, and time of sample origin, we constructed 
alignments with initial broad coverage by using 
the National Center for Biotechnology Informa-
tion Virus database (https://www.ncbi.nlm.nih.
gov/labs/virus) by first subjecting sequences to 
BLAST and selecting the top 100 hits, followed by 
performing a directed search across regions and 
timescales represented in the database. Thus, we 
cast a broad net of potential related sequences. To 
reduce redundancy while maintaining represen-
tation (genotype, country, year) for final analysis, 
we aligned the large sample sets and reviewed 
them as initial RAxML (25) trees (Appendix Fig-
ures 1–4) before downsampling. We conducted 
sequence alignments with MAFFT version 7.4 (26) 
and manually reviewed them by using AliView 
version 1.28 (https://ormbunkar.se). We con-
structed maximum-likelihood phylogenetic trees 

for each serotype by using RAxML-HPC Blackbox 
version 8.2.12 and using a general time-reversible  
substitution model with bootstrap replicates de-
termined automatically. We visualized the max-
imum-likelihood trees by using FigTree version 
1.4.4 (http://tree.bio.ed.ac.uk) (data not shown). 
We performed Bayesian phylogenetic analysis 
by using BEAST version 1.10.4 (https://beast.
community) and a Hasegawa-Kishino-Yano sub-
stitution model, a less parameterized model (2 
substitution rates, for transitions and transver-
sions) often used in place of the general time-
reversible model above (6 substitution rates, for 
every base combination) to reduce computa-
tional burden. We also used a strict molecular  
clock and a Bayesian constant size coalescent tree. 
We ran the Markov chain Monte Carlo analysis for 
100 million steps, taking samples every 5,000 steps, 
discarding the first 10% as burn-in. We assessed 
convergence with Tracer version 1.7.1 (http://
tree.bio.ed.ac.uk) by using an effective sample size 
threshold >200. We assessed parameter estimate 
uncertainty by using 95% high probability densi-
ty (HPD) intervals. Last, we generated maximum 
clade credibility (MCC) trees by using TreeAnno-
tator version 1.10 (https://beast.community) and 
visualized them with Figtree version 1.4.4.

Results

Dengue Epidemiology after the COVID-19 Pandemic
Dengue epidemics in Nicaragua typically occur every 
2–3 years (Figure 1, panel A); a given serotype surges 
to epidemic proportions roughly every 10 years: a 
shift from DENV-3 in 1998 (14) to DENV-2 in 1999 
(3,13,27) to DENV-1 in 2003 (3) and again to DENV-2 
in 2007 (5), then another surge of DENV-3 in 2009–11 
(28), DENV-1 in 2012–13 (10), DENV-2 in 2015 and 
2019 (11,18), and the cocirculation of all 4 serotypes in 
2022 (Figure 1, panels A, B). However, during 2015–
2020, only DENV-2 was detected in patients, whereas 
large epidemics resulted from newly introduced ar-
boviruses such as chikungunya and Zika, followed 
by SARS-CoV-2 (29–31). Although Nicaragua did not 
implement official lockdown measures in response 
to the COVID-19 pandemic, international and spe-
cifically airline travel was severely curtailed for at 
least 1 year, starting in May 2020 (32,33). Together, 
the prolonged dominance of DENV-2 and the limited 
movement of people during the pandemic created 
a window of opportunity for hyperendemic DENV 
transmission in 2022 because of the susceptibility of 
the population to other serotypes. Furthermore, the 
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circulation of Zika in 2016 might have primed immu-
nity to increase DENV-4 cases (12). The result was the 
cocirculation of all 4 serotypes in 2022 (Figure 1, panel 
C), associated with an ≈100-fold increase in reported 
dengue cases from the previous year.

DENV Genomic Surveillance during the 2022 Epidemic
Serum/plasma samples targeted for sequencing were 
collected through the PDCS (n = 57), PDHS (n = 13), 
A2CARES cohort study (n = 4), and the Nicaraguan 
epidemiologic surveillance system (n = 61) (Appendix 
Table) (16,17). A total of 135 sequences were generated 
by using newly established in-country sequencing ca-
pability based on the MinION platform and in-house 
bioinformatics and phylogenetics pipelines, markedly 
accelerating the time from clinical sample collection to 
pathogen sequencing from months to days.

DENV-1
We used 49 DENV-1 sequences from our study along 
with 81 publicly available sequences to build phy-
logenetic trees by using maximum-likelihood and 
Bayesian Marcov chain Monte Carlo methods to 
generate an MCC tree (Figure 2; Appendix Figure 1, 
showing the initial ML tree with 408 taxa). DENV-1 
genomes recovered in 2022 all belong to genotype V 
(American/East African and Asian genotype), consis-
tent with previous studies of DENV-1 in Nicaragua 
(10). However, the viruses from 2022 clustered into 
2 distinct clades, DV1-NI-1 and DV1-NI-2. Most se-
quences clustered into DV1-NI-2, for which the clos-
est relatives were Ecuador sequences from 2014, sug-
gesting that DV1-NI-2 is derived from an introduction 
from South America into Nicaragua. The other clade, 
DV1-NI-1, is represented by only 4 sequences and is  
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Figure 1. DENV serotypes 1–4 
circulation in Nicaragua during 
1998–2022. Data on dengue 
cases with serotype information 
available were obtained from the 
Nicaraguan Dengue Surveillance 
Program; many more cases were 
confirmed via serology that are 
not included here because the 
serotype is unknown. A) Total 
dengue cases by serotype and 
year. B) Percentage of circulating 
dengue cases by serotype and 
year. C) Case count of each 
serotype identified by real-time 
reverse transcription PCR over 
time during January–December 
2022. DENV, dengue virus.
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associated with strains previously circulating in Nica-
ragua in 2013 and 2016. The date estimate of the time to 
most recent common ancestor (tMRCA) for DV1-NI-2 
was 2013.7 (95% HPD 2012.8–2014.6) and for DV1-
NI-1 was 1986.9 (95% HPD 1985–1989) (Figure 2). The 
genetic distance between DV1-NI-2 (2022) and DV1-
NI-1 (2013 and 2016) is substantial, based on branch 
lengths relative to the rest of the phylogeny; mean rate 
is 0.04 substitutions per site (Appendix Figure 1). The 
introduction of the new clade, DV1-NI-2, and its cocir-
culation with the longer-standing Nicaragua-endemic 
clade, DV1-NI-1, represent increased DENV-1 genetic 
diversity circulating in Nicaragua in 2022.

DENV-2
We paired 6 DENV-2 sequences with 130 previously 
published genome sequences for phylogenetic analy-
sis and tree building as previously described (MCC 
tree, Figure 3; Appendix Figure 2, showing the initial 
ML tree with 436 taxa). DENV-2 viruses circulating in 
Nicaragua in 2022 descended from DENV-2 present 

in Nicaragua since 2013 (clade DV2-NI-3B) and asso-
ciated with epidemics in 2016 (10) and 2019, the latter 
marked by elevated numbers of cases, increased lev-
els of disease severity, and accelerated rates of adap-
tive evolution (18). The estimated tMRCA of DV2-
NI-3 was 2011.7 (95% HPD 2010.8–2012.4) (Figure 
3). Globally, this DENV-2 lineage is a member of the 
Southeast Asian–American genotype IIIb, the only 
genotype circulating in Nicaragua since 1999 and in 
the region since the 1980s (5,10,18).

DENV-3
We combined the 38 DENV-3 sequences generated 
in this study with 93 published sequences to produce  
an MCC tree (Figure 4; Appendix Figure 3, showing 
the initial ML tree with 253 taxa). DENV-3 sequenc-
es from 2022 all fell within the Indian-subcontinent 
genotype III, the only genotype to have been de-
tected in Nicaragua, first recorded in 1994 (34). Our 
prior studies had captured DENV-3 sequence evo-
lution until 2014 (10,28) with an estimated tMRCA 
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Figure 2. Dengue Virus 
(DENV) serotype 1 maximum 
clade credibility tree, 
generated from 130 DENV-
1 nucleotide sequences, 
showing emergence over 
time. Sequences are labeled 
by country of sample origin, 
indicated by colored circles, and 
include Nicaragua sequences 
(red) and publicly available 
sequences. DENV-1 genotypes 
are identified in the vertical bar 
to the right. Two Nicaragua 
clades, DV1-NI-1 and DV1-
NI-2, are indicated with square 
brackets. The time to most 
recent common ancestor 
(95% high probability density 
range) is indicated at the nodes 
leading to Nicaragua clades. 
Posterior node probabilities are 
indicated at major nodes.
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of 2003.8 (95% HPD 2003.2–2004.5) (Figure 4), after 
which DENV-3 remained undetected until 2022. In 
2013 and 2014, multiple lineages of DENV-3 were 
circulating (10), but none persisted; the DENV-
3 viruses sequenced in 2022 cluster most closely 
with viruses reported from Puerto Rico (2022), Bra-
zil (2023), Cuba (2023), the United States (Florida, 
2023), and India (2018) (35) and have an estimated 
tMRCA of 2019.8 (95% HPD 2019.5–2020.2) (Figure 
4). The basal sequences to this clade are from south-
ern and Southeast Asia, suggesting that the clade 
was introduced recently (after 2018) into the re-
gion, including Nicaragua, replacing earlier strains 
of this serotype (11).

DENV-4
We combined 42 DENV-4 sequences with 73 publicly 
available sequences to generate an MCC tree (Figure 5; 
Appendix Figure 4, showing the initial ML tree with 168 
taxa). DENV-4 has not been detected in dengue patients 

in Nicaragua since 2006. Our analysis places DENV-4 se-
quences within genotype II, Indonesia, with an estimat-
ed tMRCA of 2005.1 (95% HPD 2003.7–2006.5) (Figure 
5). The sequences most closely related to the Nicaragua 
strains are from Mexico, El Salvador, and Florida (2021–
2022). However, the clade includes basal sequences 
from Mexico (2010) and Nicaragua (1999), suggesting a 
regionally long-circulating lineage with not-infrequent 
exchange between countries since 1999 until 2022. From 
this information, we conclude that there is a regional 
reservoir and source of DENV-4 into Nicaragua.

Discussion
In 2022, genomic characterization of DENV in Nica-
ragua was conducted in real time during an ongoing 
epidemic. That approach revealed the considerable 
cocirculation of all 4 DENV serotypes, within the con-
text of a particularly large epidemic in 2022. Phyloge-
netic analyses of the 2022 viruses enabled us to iden-
tify the introduction of new DENV strains (DENV-1, 
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Figure 3. Time-scaled dengue 
virus (DENV) serotype 2 
maximum clade credibility 
tree, generated from 136 
DENV-2 nucleotide sequences, 
showing emergence over 
time. Sequences are labeled 
by country of sample origin, 
indicated by colored circles, and 
include Nicaragua sequences 
(red) and publicly available 
sequences, as indicated. 
Nicaragua clades are indicated 
with square brackets labeled by 
year(s) of detection, including 
the DV-NI-3 clade. The time to 
most recent common ancestor 
(95% high probability density) 
is indicated at the nodes 
leading to Nicaragua clades. 
Genotypes are identified 
by vertical bar to the right. 
Posterior node probabilities are 
indicated at major nodes.
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DENV-3, DENV-4) from different regions of the 
Americas, although a small number of DENV-1 and 
DENV-2 viruses remained from previous periods of 
circulation in Nicaragua. We noted the resurgence of 
serotypes not seen since 2013 (DENV-1 and DENV-3) 
and the introduction of DENV-4, which had not circu-
lated at epidemic levels since the early 1990s (10,18).

Because of the emergence of SARS-CoV-2 in 
2019 and the subsequent COVID-19 pandemic, many 
countries closed their borders, restricted mobility, 
and implemented social distancing (36). Nicaragua 
was one of the few countries to use alternative ap-
proaches to shutdowns (i.e., travel restrictions and 
neighboring border closures). Vector control activi-
ties (e.g., residual indoor and spatial fumigation) 
were maintained. After 2 years of low dengue case in-
cidence in 2020 and 2021, dengue cases in Nicaragua 
increased substantially during 2022, marked by the 
cocirculation of all 4 virus serotypes. We suggest that 

the marked dominant circulation of DENV-2 over 
the previous 7 years contributed strongly to the sud-
den rise of DENV-1, DENV-3, and DENV-4 cases in 
2022 after new introductions (11,18,37). The absence 
of herd immunity to all serotypes except DENV-2, 
coupled with resumption of postpandemic interna-
tional travel, increased the risk for establishment of 
new DENV strains in Nicaragua.

Of the 2022 dengue cases in Nicaragua sequenced 
in our study, 52% were caused by DENV-1, falling 
into 2 coexisting lineages within genotype V. Al-
though a small number of sequences persisted from 
earlier 2012–2013 epidemics, 90% formed a new clade 
(DV1-NI-2) with genetic ties to DENV-1 in Ecua-
dor, Colombia, and Venezuela. Gene flow has been  
previously reported among those countries (38,39) 
and might have been accelerated by post–COVID-19 
border openings and regional increases in movement 
or displacement with South America (40), ultimately  
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Figure 4. Dengue virus 
(DENV) serotype 3 maximum 
clade credibility tree, 
generated from 131 DENV-
3 nucleotide sequences, 
showing emergence over 
time. Sequences are labeled 
by country of sample origin, 
indicated by colored circles, 
and include Nicaraguan 
sequences (red) and publicly 
available sequences, as 
indicated. Nicaragua clades are 
indicated with square brackets 
labeled by year(s) of detection. 
The estimated time to most 
recent common ancestor 
(95% high probability density) 
is indicated at the nodes 
leading to Nicaraguan clades. 
Genotypes are identified in 
the vertical bar to the right. 
Posterior node probabilities are 
indicated at major nodes.
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leading to a turnover of the previous Nicaragua 
DENV-1 strains. Alternatively, the evolution of clades 
could represent undetected transmission of DENV-1 
in the country over that period, which seems to be 
the case with DV1-NI-1. However, our results suggest 
that DV1-NI-2 was introduced after 2013. Pinpointing 
the exact source and potential influence of neighbor-
ing countries such as Costa Rica and Panama, with 
which Nicaragua shares close migratory ties, is lim-
ited because of the lack of public sequences from Cen-
tral America during the study period.

Previous studies have detailed the clinical, epide-
miologic, and immunologic pattern of DENV-2 with-
in the Nicaragua population (3,5,10,11,41,42) (F. Nar-
vaez et al., unpub. data, https://www.medrxiv.org/ 
content/10.1101/2024.02.11.24302393v1). Emergence 
of the new, more fit, DV2-NI-2B clade (5,43) in an 
immunologically susceptible population during 
2007–2008 was followed by further adapted DENV-2 

lineages associated with outbreaks in 2015–2016 and 
2019 (DV2-NI-3) (10,18). Our analysis confirmed that 
DENV-2 strains during 2022 descended from these 
previous strains, within the Southeast Asian–Ameri-
can genotype IIIb. Unlike the other serotypes, evolu-
tion of the DV2-NI-3 clade is consistent with a single 
introduction and subsequent local expansion, with no 
additional introductions or admixture from other re-
gions, based on publicly available reference sequenc-
es. We believe that the recent decrease in DENV-2 
cases within the population resulted from develop-
ment of serotype-specific immunity from many years 
of almost exclusive apparent circulation of DENV-2. 
The low immunologic profile of the other serotypes 
contributed to a change in the disease trend of shifting  
dominance to serotypes other than DENV-2, as well 
as increased cases in 2022. Nevertheless, the recent 
introduction of the cosmopolitan DENV-2 geno-
type into Peru in 2019 (44) and Brazil in 2021 (45,46)  
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Figure 5. Dengue virus 
(DENV) serotype 4 maximum 
clade credibility tree, 
generated from 115 DENV-
4 nucleotide sequences, 
showing emergence over 
time. Sequences are labeled 
by country of sample origin, 
indicated by colored circles, 
and include Nicaragua 
sequences (red) and publicly 
available sequences, as 
indicated. Nicaragua clades 
are indicated with square 
brackets labeled by year of 
detection. The time to most 
recent common ancestor 
(95% high probability density) 
is indicated at the nodes 
leading to Nicaragua clades. 
Genotypes are identified in 
the vertical bar to the right. 
Posterior node probabilities 
are indicated at major nodes.
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poses a new risk for the country. As herd immunity 
for DENV-2 wanes with time, the introduction of a 
new genotype of DENV-2 associated with greater se-
verity could increase both the incidence and severity 
of future cases. That possibility highlights the value 
of strong and continued genomic surveillance of 
DENV to determine in real time the genetic diversity 
and possible correlation with severity in future epi-
demics in Nicaragua.

Starting with the large 1994 dengue epidemic that 
was triggered by the initial introduction of DENV-3 
into Nicaragua (47), DENV-3 has continued to cause 
epidemics (14,28). Dominating during 2008–2011, in-
cluding a major epidemic in 2009–2010 (28), DENV-3 
dropped noticeably in 2013–2014 (10). The 2013–2014 
viruses were associated with earlier DENV-3 lineages 
circulating in Nicaragua (10), whereas our analysis 
reveals that 2022 DENV-3 strains, while still belong-
ing to genotype III/Indian subcontinent, are part of a 
new, genetically distinct, monophyletic clade, replac-
ing the previous variants. The clustering of the 2022 
DENV-3 clade with viruses from India (2018), Puerto 
Rico (2022), and Brazil-Cuba-Florida (2023) impli-
cates a recent introduction into the region, similar 
to DENV-1, possibly resulting from opened borders 
and increased international travel, and may represent 
an emerging epidemiologic situation of ongoing ex-
change between countries in the Caribbean, Central 
America, and South America.

In Nicaragua, DENV-4 caused epidemics in the 
early 1990s and has been virtually unreported since, 
with the exception of a few cases in 2006–2008, de-
spite reports of DENV-4 circulation in South Amer-
ica in 2010 (48). In 2022, DENV-4 reemerged in Ni-
caragua, codominating the epidemic with DENV-1. 
That phenomenon could be attributed to low herd 
immunity resulting from limited DENV-4 circula-
tion over the previous 30 years, coupled with in-
creased cross-border and domestic movement lead-
ing to local virus transmission of what is considered 
the mildest of the 4 serotypes (7). DENV-4 sequences 
recovered in 2022 clustered with viruses from Flor-
ida, El Salvador, and Mexico collected in the same 
time frame, although the clade does have roots in 
Nicaragua (1999) as well as the region (e.g., Mexi-
co 2010), suggesting resurgence of a long-standing 
lineage endemic to regions in Central America and  
the Caribbean.

We note limitations of this research in infer-
ring chains of transmission within and across geo-
graphic regions, which would require systematic 
sampling of the populations in question—a resource-
intensive undertaking involving the collaboration of  

epidemiologists, health services, and national virol-
ogy laboratories. In the absence of comprehensive 
sampling, the issue of bias was addressed by random 
sampling for sequencing by the laboratory, stratified 
by geographic source within the country, without 
knowledge of the clinical status of the patient. We 
acknowledge that our phylogenetic inferences are 
biased by the sequence data available in the public 
domain, as with any phylogenetic analysis accessing 
publicly available sequences. Last, we did not assess 
the contribution of mosquito vectors to the transmis-
sion dynamics of dengue viruses. Nonetheless, our 
data offer valuable insights that will be beneficial for 
future research locally and regionally.

We report a new landscape of DENV transmis-
sion in Nicaragua, marked by the cocirculation of 
all 4 serotypes along with intensifying epidemic 
magnitude. Of the 4 DENV serotypes, 3 resurged 
after almost a decade or more of low to no case re-
ports and coincide with the introduction of new lin-
eages. We posit that the dengue hyperendemicity is 
the result of 2 windows of opportunity: a vacuum 
of herd immunity against DENV-1, DENV-3, and 
DENV-4 resulting from the prolonged dominance 
of DENV-2; and a surge of regional and interna-
tional travel on the heels of COVID-19-induced 
country-level and worldwide mobility restrictions 
(49). The landscape of DENV transmission has 
been reset to include the active circulation of all 4 
serotypes after the 2016 introduction of Zika virus, 
which is known to engender DENV cross-reactive 
immune responses with epidemiologic and clinical 
consequences (11,12). Our findings underscore the 
urgent need for public health interventions aimed 
at controlling the spread of dengue in Nicaragua 
and beyond, particularly in light of the increasing 
intensity of dengue epidemics and the potential for 
further transmission fueled by regional and inter-
national travel.
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Although commendable progress for combating 
malaria in endemic areas has been achieved and 

a dozen countries have been declared malaria-free 
since 2000 (1), increasing international travel has led 
to a rise in imported malaria cases, as well as spo-
radic cases of autochthonous malaria in non–malar-
ia-endemic regions, especially those with competent 
vectors and favorable transmission conditions (2). In 
2003 and 2023, two malaria outbreaks with local Plas-
modium vivax transmission were reported in Florida 
(3,4). We examined the genomic characteristics, prob-
able transmission dynamics, and likely origins of the 
2023 P. vivax strains in Florida, demonstrating the 
role of genomic epidemiology in malaria control in 
non–malaria-endemic regions.

The Study
During May–July 2023, the Florida Department of 
Health received reports of a series of 7 cases of P. vivax 
malaria (4). The patients lacked risk factors for con-
tracting malaria (e.g., recent histories of international  

travel, blood transfusion, or previous malaria), rais-
ing concerns for local mosquito transmission. All 7 
patients were concentrated within a 4-mile radius, 
raising further concern about potential local trans-
mission cycles. Pretreatment blood samples from 4 
patients were collected on June 18, 20, 27, and July 
12 (Appendix Figure 1, https://wwwnc.cdc.gov/
EID/article/30/6/24-0336-App1.pdf). We used the 
anonymized remnant clinical samples collected for 
diagnosis purposes. Species-specific PCR of the sam-
ples (5) confirmed P. vivax infections (Figure 1). Three 
Anopheles mosquitoes collected in the affected region 
in June also tested positive for P. vivax (4).

To trace the origin of those P. vivax cases, we iso-
lated DNA from 200 μL of whole blood from 4 pa-
tients by using a QIAamp DNA Blood Mini Kit (QIA-
GEN, https://www.qiagen.com). Recognizing the 
limited P. vivax DNA contaminated with overwhelm-
ing amounts of human DNA, we performed selective 
whole-genome amplification (sWGA) with P. vivax–
specific primers (pvset1920) to enrich the P. vivax ge-
nome (6). Each 50-µL amplification reaction included 
30 U of phi29 polymerase enzyme (New England 
Biolabs, https://www.neb.com), 1% bovine serum 
albumin, 2 mM of each of the 4 deoxynucleosides 
triphosphate, 3.5 µM of selective whole-genome am-
plification primers, and ≈70 ng of input DNA. Ther-
mocycler conditions consisted of ramping down from 
35°C to 30°C at a rate of 0.1°C per minute, 30°C for 16 
hours, and 65°C for 10 minutes. The reaction product 
was purified with AMPure XP beads (Beckman-Coul-
ter, https://www.beckmancoulter.com) and eluted 
in 50 µL Tris-EDTA buffer (pH 8). We obtained 10–12 
µg of amplification product for each sample.

The sequencing libraries were prepared by using an 
Illumina DNA Prep Kit (https://www.illumina.com)  
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During May–July 2023, a cluster of 7 patients at local hos-
pitals in Florida, USA, received a diagnosis of Plasmodium 
vivax malaria. Whole-genome sequencing of the organism 
from 4 patients and phylogenetic analysis with worldwide 
representative P. vivax genomes indicated probable single 
parasite introduction from Central/South America.
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and were pooled and sequenced for 100 million 
reads at 150-bp paired-end reads mode on the Illu-
mina Nextseq 2000 platform. After trimming adapt-
ers and removing low-quality reads (7), we aligned 
high-quality reads to the P. vivax PvP01 reference ge-
nome by using the BWA-MEM (Burroughs-Wheeler 
Aligner–maximum exact matches) algorithm (8). We 
compressed, sorted, and indexed the alignment files 
by using SAMtools version 1.11 (9). For the 4 samples, 
we mapped 3%, 16%, 29%, and 55% of total reads to 
the PvP01 genome (Table), resulting in 7–124-fold and 
≈72% coverage of the PvP01 genome. We deposited 
sequence data in the National Center for Biotechnol-
ogy Information BioProject database (https://www.
ncbi.nlm.nih.gov; BioProject no. PRJNA1093439).

We performed variant calling by using the GATK 
HaplotypeCaller (https://gatk.broadinstitute.org). 
To retain only high-confidence variants, we applied 
stringent quality filtering criteria to the VCF (vari-
ant call format) files. Comparison with the PvP01 
sequence identified 97,180 high-quality single-nucle-
otide polymorphisms (SNPs), of which 38,799 were 
shared among all 4 Florida P. vivax isolates.

Next, we calculated the within-host fixation index 
for each patient sample, which was >0.95, indicating 
monoclonal infections. Of note, 57,656 (≈60%) SNPs 
were shared among samples 2, 3, and 4, indicating 
their close genetic relationships. The level of genetic 
variation was similar to the limited variation found 
in meiosis of single crosses (10), suggesting a limited 
local transmission event, likely seeded by a single in-
troduction into Florida.

We constructed phylogeny between the Florida P. 
vivax isolates and 53 selected genomes from a global 
collection of 1,041 isolates (MalariaGen Pv4) (11). We 
chose a dataset consisting of high-quality P. vivax ge-
nome sequences from all continents where P. vivax is 
endemic (Figure 2, panel A). We constructed phyloge-
netic trees by using IQtree version 2.2.0 (12) and the 
general time-reversible model with ascertainment bias 
corrrection or the general time-reversible model with 
proportion of invariable sites and gamma-distributed 
rate heterogeneity. We evaluated both models with 
1,000 ultrafast bootstrap approximation replicates and 
Shimodaira-Hasegawa–like approximate likelihood 
ratio test iterations. We assigned the final phylogenetic 

tree on the basis of bootstrap support values, ensuring 
robust statistical support for the inferred relationships. 
To ensure the reliability of the phylogenetic models, 
we allowed both models to converge; convergence was 
assessed at 300 iterations. We visualized and annotat-
ed the generated tree file by using Interactive Tree Of 
Life v.6 (13). Phylogenetic analysis with genome-wide 
SNPs revealed continental P. vivax population divi-
sion (Figure 2, panel B) as previously reported (11). 
The P. vivax isolates from Florida, showing a pairwise 
genome distance of <0.01, formed a tight cluster (Ap-
pendix Figure 2), suggesting that they were probably 
the progeny of a single parasite isolate. Those isolates 
formed a highly supported Central/South America 
cluster (Figure 1). In sum, the timeline of the 7 cases 
(3,4) and our phylogenomic analysis support the inter-
pretation of a single, limited introduction event from 
Central/South America into Florida. 

Conclusions
Each year in the United States, ≈2,000 cases of import-
ed malaria are reported to the Centers for Disease  

Figure 1. Identification of Plasmodium vivax infections in blood 
samples from malaria patients, Florida, USA, May–July 2023. 
Image shows 117-bp PCR products amplified from blood samples 
from 4 patients by using P. vivax–specific primers targeting the 
18S rRNA gene. M, DNA ladder.

 
Table. Whole-genome sequencing of Plasmodium vivax isolates from 4 malaria patients, Florida, USA, May–July 2023* 
Patient no. Sample collection date Total reads Reads mapped to PvP01, no. (%) Mean PvP01 coverage,  (%) 
1 Jun 18 39,350,480 1,163,557 (3) 7.0 (72.3) 
2 Jun 20 41,417,476 6,725,684 (16) 40.2 (72.3) 
3 Jun 27 35,086,122 10,243,361 (29) 72.6 (72.3) 
4 Jul 12 37,493,726 20,596,607 (55) 124.2 (72.3) 
*PvP01, reference genome for Plasmodium vivax. 
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Control and Prevention (14). Although most cases are 
caused by P. falciparum infections, the 2003 and 2023 
autochthonous outbreaks in Florida were caused by 
P. vivax (3,4). Similarly, local outbreaks from intro-
duced P. vivax in Greece (2) and the Republic of Ko-
rea (15) illustrate the high potential for imported P. 
vivax to establish sustained transmission, which may 
pose a substantial challenge for subsequent elimina-
tion. Although the risk for autochthonous malaria in 
the United States remains low, the potential threat of 
imported P. vivax setting off and establishing local 
transmission in areas with competent vectors and 
conducive environments is a public health concern.

The last mosquito-vectored P. vivax malaria out-
break in the United States was in 2003 in Palm Beach 
County, Florida, and involved a cluster of 7 cases (3) 

before the P. vivax genome sequence was available. 
Although microsatellites were used to identify their 
genetic relatedness, the genomic tools that we used 
offer unparalleled resolution of the genetic related-
ness of parasite isolates of the 2023 malaria outbreak 
in Florida. The minimal genetic variations among 
the isolates indicate a single transmission chain. 
Phylogenetic clustering with P. vivax strains from 
Central/South America implies the travel-related 
import of the index isolate from that region. Of note, 
a case of imported P. vivax malaria with symptom 
onset April 20, 2023, was reported from the same 
area as the 7 P. vivax cases (3,4). We are unable to 
determine if the April case initiated local transmis-
sion because no remaining specimen was available 
for analysis. 

Figure 2. Phylogenetic analysis 
of Plasmodium vivax strains 
from blood samples from 
malaria patients, Florida, USA, 
May–July 2023, suggesting 
Central/South America origin. 
A) Geographic distribution of 
53 high-quality global strains 
selected from >1,000 global 
P. vivax collections. B) Florida 
P. vivax strains clustering 
with Central/South America 
strains. The phylogenetic tree 
was constructed by using 
the maximum-likelihood 
method, and 1,000 bootstrap 
replications are shown next to 
the branches. The color coding 
of the geographic origin of the 
isolates matches the global 
map in panel A. The US and 
Central/South American cluster 
is shaded gray. The 4 Florida 
P. vivax strains are denoted as 
1AS1, 2AS2, SAS3, and 4AS4. 
Scale bar indicates nucleotide 
substitutions per site.
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In summary, our study underscores the useful-
ness and power of genomic tools in epidemiologic 
investigations. The established analytical pipeline 
will enable more streamlined and efficient genomic 
surveillance, provide health authorities with accu-
rate information about the source of the infections, 
and enable communication of the risk to the public 
with solid scientific evidence. Given the rich genomic 
resources of worldwide P. vivax isolates, genomic 
surveillance will play a crucial role in tracking addi-
tional cases, detecting potential transmission chains, 
and identifying relapse. Although locally transmitted 
malaria in Florida has been successfully eliminated, 
ongoing surveillance, rapid responses, vigilance, and 
preparedness are still needed to prevent malaria rein-
troduction and local transmission.
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From early 2013 through October 2017, a total of 
5 outbreaks of avian influenza A(H7N9) virus 

infection occurred, resulting in 616 human deaths 
(1). In particular, the fifth wave of the epidemic 
saw a substantial increase in human fatalities. By 
late 2017, a total of 1,568 laboratory-confirmed 
cases of H7N9 virus infection in humans had 
been reported according to International Health  
Regulations guidelines (https://www.who.int/
emergencies/disease-outbreak-news/item/26- 
october-2017-ah7n9-china-en). The rapid emer-
gence, prevalence, and pandemic potential of 
H7N9 virus were suddenly of great concern. Since 
2017, low-pathogenicity avian influenza H7N9 vi-
rus transformed into the highly pathogenic avian 
influenza (HPAI) A(H7N9) virus (2–5). In response, 
China initiated a large-scale vaccination program in 
the poultry industry, effectively limiting the H7N9 
epidemic. Although no human H7N9 infections 
have been reported since February 2019, the virus 
is still circulating in poultry, particularly in lay-
ing hens, and remains a potential threat to poultry  

industry and public health (6–8). Furthermore, 
since 2017, the H7N9 virus has undergone multiple 
instances of antigenic drift to evade immune pres-
sure from vaccines (9–11). We investigated the ge-
netic evolution and antigenic differentiation of the 
H7N9 virus in China to provide information to bet-
ter control the epidemic, ensure the safety of the 
poultry industry, and protect public health.

The Study
Through continuous monitoring of markets and 
breeding farms in several provinces, we successive-
ly isolated 23 H7N9 viruses. Using the sequences of 
those viruses and a reference sequence from the GI-
SAID database (12), we conducted a phylogenetic 
analysis to study the evolution of H7N9 virus over 
the past decade (Figure 1).

 We rooted the maximum-likelihood phylo-
genetic tree with A/Anhui/1/2013 and identified 
the branches as Group.y.0. During 2013–2017, the 
5 low-pathogenicity avian influenza H7N9 virus 
waves formed Group.y.0–Group.y.2 branch. The 
first wave was mainly prevalent in the Yangtze 
River Delta. In 2014, the second wave spread to 
the Pearl River Delta and gradually expanded to 
all parts of the country in the subsequent 3 waves. 
Around 2017, or even as early as mid-2016, re-
searchers successfully isolated an HPAI variant of 
H7N9 virus (6). That variant was found to contain 
alkaline amino acids inserted into the cleavage site 
of the hemagglutinin protein (6,13). The discovery 
of that variant in live poultry markets in Guang-
dong Province indicated an increased pathogenic-
ity to poultry and potentially posed a greater threat 
to human health. We found that those HPAI H7N9 
virus variants clustered within the Group.y.2.1 
branch and its subordinate branch. 
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We characterized the evolution and molecular character-
istics of avian influenza A(H7N9) viruses isolated in China 
during 2021–2023. We systematically analyzed the 10-
year evolution of the hemagglutinin gene to determine the 
evolutionary branch. Our results showed recent antigenic 
drift, providing crucial clues for updating the H7N9 vac-
cine and disease prevention and control.
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After implementation of a universal immuni-
zation program in 2017, the H7N9 virus outbreak 
was effectively controlled. However, some H7N9 
viruses evolved to evade the vaccine. Those virus-
es continued to evolve and formed a new branch, 
Group.y.2.2, which is mainly found in northern 
China (Figure 1). Further investigation revealed 
that H7N9 virus is prevalent in the Bohai Rim re-
gion. Of note, we found no great differences in geo-
graphic, temporal, or host distribution between the 
2 newly differentiated branches, Group.y.2.3 (A/
Chicken/Hebei/1009/2020-like) and Group.y.2.4 
(A/Chicken/Yunnan/1001/2021-like) (Figure 1). 
Those branches showed an average of 2.41% pair-
wise nucleotide distances between 2021 and 2023. 
That finding suggests that the evolutionary differ-
ences between those clades might not be influenced 
by geographic isolation, period, or host species, but 
rather by the adaptation of a new virus to natural 
selection. Positive selection pressure, which encour-
ages mutations that contribute to the virus’ adapta-
tion to the environment, can play a role in viral evo-
lution. Our analysis confirmed that an increase in 
positive selection pressure in H7N9 virus occurred 
at some sites after 2017 (Appendix Table 1, https://

wwwnc.cdc.gov/EID/article/23-0530-App1.pdf). 
To examine whether mutation and evolution of 

H7N9 viruses are a result of antigenic drift and dis-
continuous variation, we used serologic methods to 
assess the antigenicity of the more evolved viruses 
from different clades (Appendix Table 2). Using 
the H7-Re4 and rHN7901 vaccine viruses for com-
parison, we found a weak cross-reaction titer be-
tween the vaccine viruses and the epidemic viruses 
in Group.y.2.3 (Table). The antigenic map demon-
strated that the Group.y.2.3 viruses were distantly 
located from the vaccine serum (Figure 2), imply-
ing a consistent antigenic drift and greater antigen-
ic divergence from Group.y.2.4 viruses. However, 
the distance between the vaccine virus and certain 
Group.y.2.4 viruses was relatively close (Figure 
2), suggesting minimal differences. Furthermore, 
some Group.y.2.4 viruses, including A/Chicken/
BJ/732-1/2022 and A/Quail/HeN/621/2022, both 
originating from northern China, also exhibited an-
tigenic drift.

Changes in antigenicity often are caused by 
accumulation of amino acid mutations in anti-
genic sites. Therefore, we compared virus se-
quences and observed that the cleavage sites were 

Figure 1. Phylogenetic analysis of evolution and antigenic differentiation of avian influenza A(H7N9) virus, China. Colors in columns at 
left show locations, timeframes, hosts, and pathogenicity of virus strains. The maximum-likelihood phylogenetic tree of the hemagglutinin 
gene depicts viruses corresponding to epidemic waves 1–5. Tree on right shows detail of Group.y.2.3 (red rectangles) and Group.y.2.4.4 
(red circles) in comparison with vaccine strains. Scale bar indicates nucleotide substitutions per site. LPAI, low-pathogenicity avian 
influenza; HPAI, highly pathogenic avian influenza; Other-N, sites in the northern region; Other-S, sites in the southern region.

Evolution of Avian Influenza A(H7N9) Virus
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KRKRTAR↓GLF or KRKRIAR↓GLF, both of which 
exhibited the characteristics of HPAI viruses. How-
ever, we noted no substantial differences between 
Group.y.2.3 and Group.y.2.4 at positions 86, 129, 
134, 141, 145, 148, 151, 159, 208, 284, and 319 of H7 
(Appendix Table 3). Those findings demonstrated 
the high genetic diversity of the H7N9 virus. Except 
for position 208 in H7, all sites were antigenic sites, 
and positions 141, 145, and 148 were both antigenic 
sites and receptor-binding sites. For the Group.y.2.4 
branch, we compared the hemagglutinin 1 peptide 
of the vaccine viruses against antigenically distant 
viruses A/Chicken/SD/1301-2/2022, A/Chicken/
HeB/B363-4/2022, A/Chicken/BJ/B732-1/2022, 
and A/Quail/HeN/621/2022. We observed dif-
ferent amino acids that could affect H7N9 virus 
antigenicity (Appendix Table 4). Among the ana-
lyzed viruses, A/Quail/HeN/621/2022 exhibited 
the highest number of mutations compared with 
the vaccine viruses, followed by A/Chicken/BJ/
B732-1/2022 and A/Chicken/HeB/B363-4/2022; 
A/Chicken/SD/1401-2/2022 displayed the few-
est mutations. Moreover, the previously reported 
Q226L and G228S sites of H3 viruses (Appendix Ta-
ble 5), which have the potential to enhance mamma-
lian adaptation, remained unchanged in all H7N9 
viruses. Those sites still showed a preference for 
avian receptors, except A/Quail/HeN/621/2022, 

 
Table. Hemagglutination inhibition titers of 23 H7N9 epidemic viruses and vaccine viruses in a study of evolution and antigenic 

differentiation of avian influenza A(H7N9) virus, China* 

Group Antigen 
Antiserum, log2 

H7N9-Re4 rHN7901 229–2 257–3 320–1 363–4 
Referent H7N9-Re4 10 10 5 5 10 10 
Referent  rHN7901 9 10 3 2 9 10 
y.2.3 A/Chicken/HeB/229–2/2022 5 5 10 10 9 8 
y.2.3 A/Chicken/HeB/257–3/2022 5 3 10 10 9 8 
y.2.3 A/Quail/HeN/782–2/2022 4 4 10 9 8 6 
y.2.3 A/Chicken/LN/976–3/2022 5 4 10 9 8 6 
y.2.3 A/Duck/HeB/976–2/2022 5 4 10 9 7 5 
y.2.3 A/Chicken/HeB/199–1/2022 7 5 10 10 9 8 
y.2.3 A/Chicken/GX/J17/2022 7 7 10 10 8 9 
y.2.3 A/Chicken/HeB/526/2022 6 5 8 8 7 7 
y.2.3 A/Chicken/HeB/229–4/2022 6 6 10 10 9 8 
y.2.3 A/Chicken/SX/B1323–1/2022 7 7 9 10 9 6 
y.2.3 A/Chicken/SX/B22–2/2023 7 8 9 10 9 7 
y.2.4 A/Chicken/HeB/363–4/2022 5 5 6 5 9 10 
y.2.4 A/Chicken/HeB/320–1/2022 8 9 6 2 10 7 
y.2.4 A/Quail/HeN/621/2022 5 3 3 4 6 6 
y.2.4 A/Chicken/BJ/732–1/2022 5 5 5 3 6 9 
y.2.4 A/Chicken/HuB/J15/2022 9 8 7 6 7 10 
y.2.4 A/Chicken/BJ/470–6/2022 8 9 4 3 7 9 
y.2.4 A/Chicken/SC/468–2/2022 8 8 6 5 8 10 
y.2.4 A/Chicken/HeB/J94/2022 8 8 6 5 8 10 
y.2.4 A/Chicken/YN/415–2/2022 9 9 8 6 8 9 
y.2.4 A/Chicken/SD/1401–2/2021 7 7 6 4 8 9 
y.2.4 A/Chicken/JSu/B14–3/2023 9 9 6 6 9 10 
y.2.4 A/Chicken/HeB/B14–1/2023 10 10 6 6 9 9 
*Bold text indicates the cross titers of sera with corresponding antigens. BJ, Beijing; GX, Guangxi; HeB, Hebei; HeN, Henan; HuB, Hubei; JS, Jiangsu; LN, 
Liaoning; SC, Sichuan; SD, Shandong; SX, Shanxi; YN, Yunnan. 

 

Figure 2. Antigenic map of avian influenza A(H7N9) virus, China, 
2021–2023. The map was plotted using hemagglutinin inhibition 
assay results of 26 antigens (green, blue, and yellow dots), serum 
from 2 vaccine virus strains, H7N9-Re4 and rHN7901 (purple 
dots), and in-house designed serum of 4 circulating viruses 
(CK for chicken). The antigen map was constructed using the 
online website of the Antigenic Cartography Group, University of 
Cambridge (https://acmacs-web.antigenic-cartography.org). A/
Chicken/HeB/257-3/2022 and A/Chicken/HeB/229-2/2022 belong 
to the Group.y.2.3 branch, whereas A/Chicken/HeB/320-1/2022 
and A/Chicken/HeB/363-4/2022 belong to the Group.y.2.4 branch 
(indicated by white dots). The distance between the figures 
represents the antigen distance.
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which mutated to P at position 160. All V125T H3 
sites were replaced, indicating that the receptor-
binding capacity and immune escape of the virus 
might be affected, making the virus more compat-
ible with avian receptors (14,15).

Conclusions
This study explored the evolution and antigenic dif-
ferentiation characteristics of H7N9 virus over the 
past decade through continuous monitoring and 
selection of representative sequences from all pub-
licly available H7N9 virus sequences. However, our 
research still had certain limitations, and further 
investigation is needed to understand the relation-
ship between the evolution of viruses under positive 
selection pressure and the underlying cause of anti-
genic variation. 

In summary, influenza A viruses are high-
ly prone to mutation and evolution, making the 
H7N9 virus epidemic more complex and challeng-
ing to control. This study offers vital insights into 
the genetic evolutionary branches and recent anti-
genic drift, providing crucial clues for updating the 
H7N9 vaccine seed virus and for disease preven-
tion and control.
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Since clade 2.3.4.4 H5Nx highly pathogenic avian 
influenza (HPAI) viruses first emerged in East 

Asia in 2013–14, clade 2.3.4.4b has spread throughout 
Europe, Africa, and Middle East in 2016–17, causing 
>2,000 outbreaks in poultry and wild birds in >30 
countries (1,2). Clade 2.3.4.4b H5N1 viruses were de-
tected in Europe in late 2020; that clade became the 
predominant subtype in Europe in 2021 and spread 
throughout Asia and North America. By the end of 
2023, H5N1 viruses of that clade had affected bird 
populations in most of the United States and spread 
to South America and Antarctica (3).

Since early 2014, South Korea has experienced 
epidemic outbreaks of different subtypes of this 
clade, including H5N8 in early 2014, 2016–17, and 
2020–21; H5N6 in 2017–18; and H5N1 in 2021–22 and 
2022–23 (4–7). All those outbreaks in poultry have 
occurred during the winter season, when migratory 
birds enter and stay on the Korean peninsula (8–10). 
No HPAI virus was detected during regular active 
surveillance of both wild birds and poultry during 
May–October 2023.

The first suspected case of HPAI in poultry in the 
2023–24 winter season was reported in South Korea. 
Surprisingly, birds at that farm were found to be con-
currently infected with H5N6 and H5N1 viruses of 
clade 2.3.4.4b. Subsequently, birds at poultry farms 
as well as wild birds were found to be infected with 
H5N6 or H5N1 viruses. Our study analyzed whole-
genome sequences of the virus populations of pooled 
swab samples from the flocks at the farm that were in-
fected with both H5N6 and H5N1 influenza viruses; 
we defined the farm as the index case. We compared 
those sequences with the sequences of viruses isolat-
ed from other affected farms and wild birds to deter-
mine the origins of the viruses and their relationships.

The Study
On December 3, 2023, a suspected HPAI infection that  
caused white diarrhea, reduced feed intake, and in-
creased deaths was reported in 39-day-old broiler 
ducks at a broiler duck farm (D448) in Goheung, 
South Korea (Figure 1). We detected matrix and H5 
genes in the clinical samples from this index farm by 
real-time reverse transcription PCR. We determined 
the deduced amino acid sequence of the HA cleav-
age site of the H5 genes to be PLREKRRKR/GLF, 
which indicated high pathogenicity. For the NA 
gene, we detected both N1 and N6 genes in some 
flocks at the farm, at which the flocks were separated 
in different houses. We analyzed co-infection status 
at that farm by using whole-genome sequences of 
avian influenza viruses obtained from pooled oro-
pharyngeal swab samples of 20 live ducks from each 
of 11 flocks using the Nanopore (Oxford Nanopore, 
https://nanoporetech.com) amplicon sequencing 
method (Appendix, https://wwwnc.cdc.gov/EID/
article/30/6/24-0194.App1.pdf). 
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2.3.4.4b Highly Pathogenic Avian 

Influenza H5N6 and H5N1 Viruses, 
South Korea, 2023

Gyeong-Beom Heo, Yong-Myung Kang, Se-Hee An, Yeongbu Kim, Ra Mi Cha,  
Yunyueng Jang, Eun-Kyoung Lee, Youn-Jeong Lee, Kwang-Nyeong Lee

Author affiliation: Seoul National University, Seoul, South Korea 
(G.-B. Heo); Animal and Plant Quarantine Agency, Gimcheon, 
South Korea (G.-B. Heo, Y.-M. Kang, S.-H. An, Y. Kim, R.M. Cha, 
Y. Jang, E.-K. Lee, Y.-J. Lee, K.-N. Lee)

DOI: http://doi.org/10.3201/eid3006.240194

Highly pathogenic avian influenza H5N6 and H5N1 vi-
ruses of clade 2.3.4.4b were simultaneously introduced 
into South Korea at the end of 2023. An outbreak at a 
broiler duck farm consisted of concurrent infection by 
both viruses. Sharing genetic information and interna-
tional surveillance of such viruses in wild birds and poul-
try is critical.
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We found that 3 flocks, numbers 1, 4, and 5, were 
co-infected with H5N6 and H5N1 viruses, whereas the 
other 8 flocks were infected with H5N6 virus only (Fig-
ure 2). Analysis of the average coverage at each gene 
segment as percentage composition showed that birds 
in flock 4 had more viral reads of H5N1, whereas flocks 
1 and 5 had more reads of H5N6 (Figure 2, panel B). 
We observed the same co-infection pattern in pooled 
cloacal swabs of flock 4 (data not shown). Because all 
the swabs from flocks were pooled at sample collec-
tion, no clear evidence was found supporting infection 
with the 2 viruses in a single bird. Because this farm 
was located very close to the south sea and seawall 
lake and had a relatively low level of biosecurity, we 
considered this farm susceptible to virus introduction 
by migratory birds (Figure 1, panel A).

We detected HPAI H5N6 virus (WA875) in Jeolla-
do province in an apparently healthy wild mandarin 
duck, which we captured and sampled on December 
4, 2023, for the active wild bird surveillance program. 
Two additional broiler-duck farms in the same prov-
ince were found to be infected with H5N6 (D449) and 
H5N1 (D502) virus on December 5 and December 
20, 2023 (Figure 1, panel A). We assessed the genetic 
relationships among the HPAI viruses by determin-
ing and comparing the complete genome sequenc-
es of A/duck/Korea/D448-N6/2023(H5N6), A/
duck/Korea/D448-N1/2023(H5N1), A/duck/Ko-
rea/D449/2023(H5N6),A/mandarin duck/Korea/ 
WA875/2023(H5N6), and A/duck/Korea/D502/ 
2023(H5N1). Their sequences have been deposited 
in GISAID (https://www.gisaid.org; accession nos. 

Figure 1. Locations of duck 
farms and of wild ducks infected 
with clade 2.3.4.4b HPAIV 
H5, South Korea, 2023, and 
their viral genotypes. A) Each 
square indicates the location 
of the infected farms or wild 
birds where the samples were 
collected. Red indicates H5N6 
virus and black H5N1 virus. 
Satellite image is from Google 
Earth (https://earth.google.com). 
B) Genetic constellation of H5N6 
and H5N1 viruses concurrently 
detected in December 2023. 
The bars represent 8 gene 
segments of the avian influenza 
virus in the following order (from 
top to bottom): polymerase 
basic 2, polymerase basic 1, 
polymerase acidic, hemagglutinin, 
nucleoprotein, neuraminidase, 
matrix, and nonstructural. 
The 8 genes of each virus are 
represented by colored bars, 
indicating presumed recent 
donors. HPAIV, highly pathogenic 
avian influenza virus.
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EPI_ISL_18819959–61, EPI_ISL_18819826, and EPI_
ISL_18819797.

The H5N6 viruses, D448-N6, D449, and WA875, 
showed high nucleotide sequence identities in all 8 
genes among them (>99.8%). The sequences of their 
polymerase basic (PB) 1, hemagglutinin (HA), and 
matrix (M) genes were very close (99.53%–99.83%) 
to the respective genes of clade 2.3.4.4b HPAI H5N1 
viruses isolated from wild birds in Japan and South 
Korea in 2022–23. The 4 internal genes of the H5N6 
viruses, PB2, polymerase acidic protein (PA), nu-
cleoprotein (NP), and nonstructural protein (NS), 
were closely related to the respective genes found 
in the Eurasian low pathogenicity avian influ-
enza (LPAI) viruses of diverse subtypes isolated  

from wild birds in 2020 and 2022. Their N6 genes 
appeared to be close to the poultry viruses iso-
lated in East Asia in 2021 and 2022, although the  
nucleotide identities were relatively low (98.1%–
98.62%) (Table 1). Of interest, the protein encod-
ed by the N6 gene in the isolates from this study 
had a deletion of 12 aa residues at positions 58–69; 
this neuraminidase (NA) stalk deletion has been  
often observed in poultry-adapted viruses (11,12). 
From the avian influenza active surveillance  
program in South Korea during 2019–2023, N6 
genes were detected only in LPAI viruses isolat-
ed from wild birds; we did not observe this NA 
stalk deletion among the analyzed viruses (data  
not shown).

Figure 2. Co-infection status of birds at a broiler duck farm (D448) infected with clade 2.3.4.4b highly pathogenic avian influenza 
H5N6 and H5N1 viruses in South Korea, December 2023. Reference gene segments for mapping were designated as numbers 1–8; 
segment 1, polymerase basic 2; segment 2, polymerase basic 1; segment 3, polymerase acidic; segment 4, hemagglutinin; segment 
5, nucleoprotein; segment 6, neuraminidase; segment 7, matrix; segment 8, nonstructural. A) Distribution of average coverages of 
the reads from each pooled oropharyngeal swab sample in the index farm, which had 11 flocks, mapped to the relevant reference 
viral genomes. Red bars indicate average mapping coverages of A/duck/Korea/D448-N6/2023(H5N6) to its reference gene segments 
and black bars indicate average mapping coverages of A/duck/Korea/D448-N1/2023(H5N1) to its reference gene segments. Three 
co-infected flocks (flocks 1, 4, and 5) had sufficient sequencing depth with >1,000-fold coverage of segments 4 (hemagglutinin) and 
6 (neuraminidase). B) Distribution of percentage compositions of average coverages transformed from the average coverage values 
shown in panel A. Birds in flock 4 had more viral reads of H5N1 virus, whereas birds in flocks 1 and 5 had more reads of H5N6 virus. 
The other 8 flocks had the reads only mapped to H5N6 virus.

 
Table 1. Nucleotide sequence identities of gene segments between reassortant clade 2.3.4.4b HPAI H5N6 virus from a duck farm in 
South Korea, 2023, compared with A/duck/Korea/D448-N6/2023(H5N6) virus and the closest referent in the GISAID database* 

Gene Virus GISAID accession no. % Identity Sample date 
LPIAI or HPAI 

H5 clade 
PB2 A/mallard/South_Korea/20X-20/2021(H7N9) EPI_ISL_6781375 98.73 2021 Jan 6 LPAI 
PB1 A/large billed_crow/Kanagawa/1403C006/2023(H5N1) EPI_ISL_17949961 99.69 2023 Mar 10 2.3.4.4b 
PA A/common_teal/Amur_region/92b/2020(H6N2) EPI_ISL_1184535 99.58 2020 Sep 6 LPAI 
HA A/Mandarin_duck/Korea/WA496/2022(H5N1) EPI_ISL_15647836 99.53 2022 Oct 10 2.3.4.4b 
NP A/gadwall/Novosibirsk_region/3407k/2020(H4N6) EPI_ISL_1184520 98.8 2020 Aug 29 LPAI 
NA A/duck/Hunan/S40199/2021(H5N6)† EPI_ISL_11208196 98.62 2021 Dec 1 2.3.4.4b 
M A/Mandarin_duck/Korea/WA496/2022(H5N1) EPI_ISL_15647836 99.8 2022 Oct 10 2.3.4.4b 
NS A/Falcated_duck/South_Korea/JB42–30/2020(H9N2) EPI_ISL_4072076 99.64 2020 Feb 19 LPAI 
*One A/duck/Korea/D448-N6/2023(H5N6) isolate from a wild bird (WA875) and 2 isolates from poultry (D448-N6, D449) had high nucleotide identities 
among them in all 8 genes: PB2, >99.82%; PB1, >99.78%; PA, >99.86%; HA, >99.82%; NP, >99.87%; NA, >99.86%; M, >99.90%; NS, >99.88%. 
GISAID, https://www.gisaid.org; HA, hemagglutinin; HPAI, highly pathogenic avian influenza; LPAI, low pathogenicity avian influenza; M, matrix; N, 
nucleocapsid; NA, neuraminidase; NP, nucleoprotein; NS, nonstructural; PA, polymerase acidic; PB, polymerase basic. 
†This virus was isolated from bird in poultry market, and all the other viruses compared were from wild birds.  
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We found no HPAI H5N6 viruses showing nucle-
otide similarities >98.5% in all the 8 genes at once, to 
the new H5N6 isolates in the public databases. How-
ever, a wild bird isolate from Japan (A/peregrine 
falcon/Saga/4112A002/2023, EPI_ISL_18740267) 
that was collected on December 6, 2023, was almost 
identical to the H5N6 Korean viruses (T. Hiono, pers. 
comm., email, 2024 Jan 11), suggesting that these 
emerged viruses spread coincidently throughout this 
winter in East Asia.

The nucleotide sequences of the coding regions 
of 2 poultry H5N1 viruses, D448-N1 and D502, were 
very similar (>99.0%) and were very closely related to 
the sequences of clade 2.3.4.4b H5N1 viruses circulat-
ing in Japan and Canada in 2023 (Table 2; Appendix 
Figures 1–5,7–9). Those clade 2.3.4.4b HPAI H5N1 vi-
ruses of diverse genotypes have been prevalent in Eu-
rope and North America (3) and had been introduced 
into South Korea during the epidemics of 2021–22 and 
2022–23 (5,8). We did not detect significant mutations 
related to mammal adaptation or antiviral resistance 
in the newly isolated H5N6 and H5N1 HPAI viruses.

Conclusions
This study describes the simultaneous introduction of 
H5N1 virus and a new reassortant H5N6 HPAI vi-
rus of clade 2.3.4.4b into South Korea in 2023. Better 
understanding of this spatial and genomic dynamic 
requires enhanced and timely sharing of genetic in-
formation and international surveillance of HPAI and 
LPAI viruses in wild birds and poultry.
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Streptococcus agalactiae (group B Streptococcus [GBS]) 
is a major pathogen of humans, cattle, aquatic spe-

cies, and camels (1–4). GBS has been detected in pork 
but has not been associated with disease in pigs (5). 
Transmission between humans and animals may oc-
cur in multiple directions, and the organism’s genome 
plasticity enables it to acquire accessory genome con-
tent that confers survival advantages in new niches, fa-
cilitating adaptation and onward transmission within 
new host species (6–8). We describe emergence of GBS 
as a cause of disease in domestic pigs (Sus scrofa domes-
ticus) and wild porcupines (Hystrix cristata) in Italy.

The Study
In 2022, GBS was isolated during disease investi-
gations on pig fattening farms in the provinces of 
Modena (farm 1, closed farming system with high bi-
osecurity standards) and Reggio Emilia (farm 2, open 
farming system with low biosecurity standards), 
Emilia Romagna region, northern Italy (Figure 1; 
Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/30/6/23-1322-App1.pdf). The affected farms 

were ≈50 km apart and had no known links (e.g., 
through animals, feed, veterinarians, or workers). 
Neither farm had direct contact with dairy farms. 
Both farms used bovine milk whey as a feed ingredi-
ent in their pig fattening units. Farm 1 obtained whey 
from a single milk processing company, and farm 2 
used multiple suppliers. Whey was used within 24 
hours of receipt but was not heat treated at any stage.

In March 2022, farm 1 submitted the carcass of a 
pig found dead after 2 days of depression and anorex-
ia to the Istituto Zooprofilattico Sperimentale della 
Lombardia e dell’Emilia Romagna (IZSLER; Brescia, 
Italy); no other animals in the group showed any 
signs of disease. On examination, we found lesions 
mainly in the lungs, liver, and heart, and histologic 
examination showed bacterial emboli containing GBS 
in lymphatic and pulmonary tissue (Figure 2). Farm 2 
submitted samples from 1 pig in July 2022 and from 
3 other pigs in December 2022, all having respiratory 
symptoms (coughs and dyspnea). On examination, 
we observed interstitial edema and multiple stages 
of pleuritis in the lungs and purulent catarrhal bron-
chopneumonia and mild fibrinous pericarditis in the 
pigs submitted in December. We isolated GBS from 
the lungs and lower airways of pigs from each sub-
mission (Appendix Table 1).

IZSLER also receives wildlife specimens from the 
Emilia Romagna region, where a regional wildlife 
surveillance plan has been in force since 2017, cover-
ing wild animals found dead or animal samples or 
carcasses from wildlife rescue centers. The plan cov-
ers numerous species, including porcupines, which 
are found in flat and hilly areas of the Emilia Romag-
na region and in many other regions of Italy. Porcu-
pines mostly live in woods and areas with caves and 
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of infection. Our findings expand the known host range 
for group B Streptococcus disease.



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 6, June 2024 1229

bushes, but human interaction on farms or in gardens 
is possible. At the beginning of March 2023, a porcu-
pine from San Gregorio of Ferriere, a Piacenza Prov-
ince municipality located in the Apennine Mountains, 
was admitted to the Piacenza Rescue Centre (CRAS 
PC) with severe respiratory signs. CRAS PC collected 
a tracheal swab sample upon admission and submit-
ted it to IZSLER with a request for bacteriologic cul-
ture and antimicrobial susceptibility testing to guide 
the animal’s treatment. GBS was isolated in pure cul-
ture from the tracheal swab sample. The porcupine 
died within days, and the carcass was not submitted 
for necropsy. In March 2023, a young female porcu-
pine was found dead in Sasso Marconi municipality, 
Bologna Province, and submitted to IZSLER. Necro-
scopic examination revealed numerous abscesses in 
the right lung and 1 inside the thoracic cavity. GBS 
was isolated from the abscesses in pure culture. In 
May and July 2023, two adult male porcupines were 
found in Piacenza Province, the first in Pittolo, a low-
land municipality, and the second in Rivergaro. Both 
were submitted to CRAS PC and then to IZSLER. Ac-
cording to CRAS PC, the first porcupine was in poor 
condition and was euthanized at the rescue center; 
the second porcupine was found deceased. In both 
adult male porcupines, our necroscopic and bacte-
riologic analysis revealed hematomas and injuries  

consistent with multiple traumas, lung impairment 
with increased consistency and diffuse congestion, 
and the presence of GBS in pure culture in the lungs 
(Appendix Table 1).

We used the Sensititer (Thermo Fisher Scientific, 
https://www.thermofisher.com) for antimicrobial 
susceptibility testing of 1 isolate per diagnostic sub-
mission (Appendix Table 1) following Clinical and 
Laboratory Standards Institute guidelines (9). In the 
absence of specific breakpoints for GBS in pigs and 

Figure 1. Geographic origin of group B Streptococcus bacterial isolates from pigs (Sus scrofa) and porcupines (Hystrix cristata) in 
Emilia Romagna region, northern Italy. Numbers indicate bacterial isolate for each diagnostic submission based on host and sequential 
number: GBS, group B Streptococcus; H, H. cristata; S, S. scrofa. Inset shows location of the region

Figure 2. Bacterial embolus (arrow) caused by group B 
Streptococcus infection in a lung section of a pig (Sus scrofa) 
from a pig farm in the Modena Province, northern Italy. Group 
B Streptococcus was detected in the kidney, liver, and heart, 
indicating disseminated infection caused by septicemia. 
Hematoxylin–eosin staining; original magnification ×10.

Group B Streptococcus in Pigs and Porcupines
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porcupines, we used breakpoint values for Streptococ-
cus in pigs (Appendix Table 2). The isolates from each 
of the 3 porcine submissions demonstrated resistance 
to erythromycin, tetracycline, and kanamycin (high 
level), whereas the 4 porcupine isolates were sus-
ceptible to most compounds, including kanamycin 
(Appendix Table 2). According to 7-gene multilocus 
sequence typing, the GBS isolates from each of the 
7 diagnostic submissions belonged to sequence type 
(ST) 103 (10).

Conclusions
Detection of GBS in the tongue, tonsils, or intestines 
from pigs at slaughter has been reported previously 
without evidence of pathology (5,11). In this article, 
we describe GBS as a primary pathogen in pigs and 
porcupines on the basis of antemortem or postmor-
tem evidence of respiratory disease because the GBS 
bacterial pathogen was isolated in pure culture from 
lung lesions and because the clinical and pathologic 
manifestations were consistent with GBS respira-
tory infection in humans, camels, and rabbits (4,12). 
For the porcupines, we speculate respiratory disease 
caused by GBS led to submission to the wildlife cen-
ter either directly (sick porcupine) or indirectly, after 
sick animals were injured by traffic, which would ex-
plain the observed multiple traumas.

Human-to-animal transmission is possible for 
GBS (3,7). Such transmission seems unlikely in this 
case because the porcupines were positive for GBS 
before contact with the rescue centers. ST103 has 
also not been detected in the human population in 
the Emilia Romagna region (13). Introduction of 
GBS to the pig farms from raw milk whey is possible 
because ST103 is known to affect dairy herds in the 
Emilia Romagna region (13). Foodborne transmis-
sion of GBS has been documented previously (6,14). 
Source farms for the whey were not traced, but trac-
ing could be attempted in future cases. The route of 
transmission to porcupines is unknown. Transmis-
sion from cattle to porcupines cannot be ruled out, 
possibly through dissemination of ST103 in bovine 
feces into the environment (15). Bovine ST103 iso-
lates from the region, like the pig isolates in this 
study, are tetracycline-resistant and high level ka-
namycin-resistant (13). Isolates from the porcupines 
were fully susceptible, however, suggesting that an 
independent population of GBS might be present in 
the porcupine population.

Although a common exposure route was not 
identified and antimicrobial resistance profiles dif-
fered between GBS isolates from the 2 host species, all 
necropsied pigs and porcupines were infected with 

ST103. In Europe, ST103 has primarily been found in 
cattle, where it may have an environmental transmis-
sion cycle, in contrast to most other GBS strains that 
cause bovine mastitis (7,15). A single-locus variant of 
ST103 (ST651) was also the most common sequence 
type found in pig organs in Hong Kong (10). Our 
findings raise concerns about the ability of GBS ST103 
and closely related sequence types to adapt to mul-
tiple host species and organs systems and highlights 
risks for future emergence in additional host species.
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A 3-year-old boy was admitted to the All India 
Institute of Medical Sciences, New Delhi, In-

dia, with headache for 3 weeks and 2 episodes of 
seizures. He had no history of fever, vomiting, or 
altered senses; no history suggestive of tuberculosis; 
and no predisposing conditions. Fundoscopic ex-
amination revealed bilateral papilledema. Magnetic 
resonance imaging of the brain showed multiple 
contrast enhancing lesions. Contrast enhanced com-
puted tomography of chest and abdomen revealed 
well-defined nodules in the right lung and both lobes 
of the liver. Cerebrospinal fluid examination showed 
a glucose level of 51 mg/dL (reference range 40–70 
mg/dL), protein level of 82 mg/dL (reference range 
12–60 mg/dL), and leukocyte count of 45 cells/mm3 
(reference range 0–20 cells/mm3) with 22% neutro-
phils. We found persistent eosinophilia (up to 31%) 
on sequential blood counts.

We conducted a potassium hydroxide-calcofluor 
white examination of the ultrasound-guided liver 
biopsy sample, which showed dematiaceous septate 
hyphae 3–6 μm in diameter. The hyphae showed 
bulbous dilatations at irregular intervals. Light mi-
croscopic examination also showed dematiaceous 
septate hyphae. A brain biopsy taken from the right 
parietal lesion showed similar dematiaceous septate 

hyphae on potassium hydroxide-calcofluor white ex-
amination. Histologic examination of both samples 
showed granulomatous inflammation with hyphae 
of dematiaceous fungi. We administered intravenous 
liposomal amphotericin B and voriconazole and con-
tinued treatment for 9 weeks.

We performed a fungal culture of the liver bi-
opsy, but no growth was detected. The brain biopsy 
sample grew dark brown-black velvety colonies on 
sabouraud dextrose agar at both 25° and 37°C after 
9 days of incubation. Lactophenol cotton blue mount 
showed septate brown hyphae with moderately long 
sparsely branched chains of smooth oval brown co-
nidia (Figure 1). The organism was initially misidenti-
fied as Cladophialophora bantiana because of its known 
preponderance in cases of invasive fungal disease of 
the central nervous system (CNS).

We repeated brain imaging after the intravenous 
treatment course. Imaging showed the lesions had 
greatly reduced in size and number. We started the 
patient on an oral combination of flucytosine and 
voriconazole. After 8 weeks on the oral regimen, the 
patient’s symptoms resolved, and imaging showed 
near-complete radiologic resolution of the lesions. We 
stopped antifungal treatment. We followed up with 
the patient after a year, and there was no recurrence.

We retrospectively performed molecular identi-
fication of the culture isolate from the brain biopsy 
sample. We ran conventional PCR on the extracted 
DNA targeting the internal transcribed spacer (ITS) 
region of the 18s rDNA. We conducted sequencing by 
using an ABI 3730XL automated sequencer (Thermo-
Fisher Scientific, https://www.thermofisher.com).

We edited sequences by using Geneious Prime 
2023.2.1 (Geneious, https://www.geneious.com). 
We conducted a basic local alignment search tool in-
quiry of the sequenced region in GenBank, resulting 
in 98.95% identity with F. monophora fungal strain 
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A 3-year-old patient in India experiencing headaches 
and seizures was diagnosed with a fungal infection, 
initially misidentified as Cladophialophora bantiana. 
Follow-up sequencing identified the isolate to be Fon-
secaea monophora fungus. This case demonstrates the 
use of molecular methods for the correct identification of 
F. monophora, an agent of fungal brain abscess.
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CBS 269.37. We analyzed phylogenetically informa-
tive polymorphic sites in the ITS region of Fonsecaea 
spp. according to de Hoog et al. (1) and found 12 
of 13 bases were identical with F. monophora, con-
firming the identification (GenBank accession no. 
OR773059) (Table).

We derived the phylogenetic relatedness of 
our isolate with selected global isolates of Fonsecaea 
spp. fungus by using MEGA version 11.0.13 soft-
ware (MEGA, https://www.megasoftware.net). We 
aligned the sequences by using multiple sequence 
comparison by log-expectation algorithm, followed 
by phylogenetic model determination. We imple-
mented the maximum-likelihood method with the 

Kimura 2 parameter model with 1,000 bootstrap  
replicates (Figure 2).

F. monophora was first described as a separate 
fungal species by de Hoog et al. (1) in 2004. The next 
year, Surash et al. (2) published a case report of F. 
monophora CNS invasion. They also reported 2 pre-
vious cases of F. monophora CNS invasion identified 
retrospectively with sequencing (3,4). Since then, 8 
other case reports of F. monophora CNS invasion have 
been published (5–12) (Appendix Table, https://ww-
wnc.cdc.gov/EID/article/30/6/24-0077-App1.pdf). 
Many cases of brain abscesses caused by F. pedrosoi 
fungus have been described in literature. Although 
most of them were reported before F. monophora was 

Figure 1. Lactophenol cotton 
blue mount of a culture from 
a brain biopsy sample from a 
3-year-old patient in India with 
Fonsecaea monophora infection, 
showing dematiaceous septate 
hyphae with different types 
of conidiation (arrowheads). 
A) Multicelled sessile conidial 
chains resembling genus 
Cladophialophora, leading to 
the initial misidentification. B) 
Fonsecaea-type conidiation. C) 
Rhinocladiella-type conidiation. 
D) Asterisks of Fonsecaea- 
type conidiation.

 
Table. Phylogenetically informative polymorphic sites in the ITS region of Fonsecaea spp., showing 12 of 13 bases from the isolate 
cultured from the brain biopsy of a 3-year-old patient were identical with F. monophora fungus* 

Species 
ITS 1 (206)  5.8s (169)  ITS 2 (152) 

15 41 47 79 99 100 109 113 46 47 119 121 144 
F. pedrosoi C C A T C T T A  C  G T T T 
F. monophora T/–† T T G T C C G  T  A A C C 
Study isolate T T T G T C C G  C  A A C C 
*ITS, internal transcribed spacer. 
†Presence of thymine or deletion in position 15 of ITS 1 of F. monophora.  
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established as a species in 2004, some have been de-
scribed more recently. Of note, none of the cases in 
the literature have had identifications confirmed by 
molecular methods. Both F. monophora and F. pedrosoi 
are causative agents of human chromoblastomycosis. 
Although F. pedrosoi is usually associated with chro-
moblastomycosis, F. monophora is considered a more 
general opportunist. F. monophora is also more neu-
rotropic (1). Because F. monophora cannot be reliably 
differentiated from F. pedrosoi on the basis of pheno-
typic methods, some cases attributed to F. pedrosoi 
may have been caused by F. monophora. Molecular 
methods are essential for definitive identification. A 
review of brain abscess cases caused by F. pedrosoi 
was provided by Madhugiri et al. (13).

We have reviewed only cases in which CNS in-
volvement was seen with F. monophora. In the cases 
we reviewed, F. monophora was limited to the CNS, 
except for 1 case where there was also involvement 

of the left foot (5). Headache was the most common 
symptom experienced and was accompanied by fo-
cal neurologic deficits and symptoms of increased in-
tracranial pressure in some cases. Patient symptoms 
usually occurred for weeks before care was sought. 
Three cases were associated with multiple lesions in 
the CNS discovered by radiologic examination (2,4,5). 
In all the cases, final identification was confirmed by 
sequencing the ITS region from 18s rDNA extracted 
from culture growth.

Antifungal-susceptibility testing was done in 7 
cases. Most results showed low MICs for the common-
ly used antifungals. Three of them reported MICs of 
>2 μg/mL for amphotericin B (8,9,11). Two reports de-
scribed higher MICs for flucytosine (9,10). Those MICs 
are like results obtained previously from 25 clinical 
isolates of F. monophora (14). In a separate study on 10 
clinical isolates of F. monophora, terbinafine and vori-
conazole were the drugs with the best in vitro activity,  

Figure 2. Phylogenetic 
relatedness of the isolate 
cultured from the brain biopsy 
sample from a 3-year-old 
patient in India with Fonsecaea 
monophora fungus infection 
(bold) compared with selected 
global isolates of Fonsecaea 
spp. Tree was derived by using 
the maximum-likelihood method 
with Kimura 2 parameter model 
and 1,000 bootstrap replicates 
implemented in MEGA 
11.0.13 (MEGA, https://www.
megasoftware.net).
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showing MICs <0.25 mg/L, whereas fluconazole, flu-
cytosine, amphotericin B, caspofungin, and micafun-
gin showed high MICs (15). Because voriconazole can 
penetrate the CNS well, it can be considered the drug 
of choice for CNS infections; amphotericin B mono-
therapy should be avoided. Terbinafine may also be 
considered in combination with voriconazole.

Six of the 11 patients we describe died. In 3 pa-
tients the immediate cause of death was not directly 
related to the fungal infection (4,10,12). Of the other 
3 patients, surgical excision was not done in 2 (3,9). 
Of the 5 patients who survived, all were treated with 
surgical excision and various combinations of anti-
fungals (2,5–7,11). All the patients improved greatly 
within weeks to months, and no recurrence of infec-
tion was reported after stopping antifungals. A com-
bined approach with early surgical intervention and 
combination antifungals greatly improves outcome. 
Of note, serum (1,3)-β-D-glucan levels were elevated 
in 2 cases and decreased gradually with successful 
therapy (6,11). Thus (1,3)-β-D-glucan can be poten-
tially used as a biomarker for follow-up.

Conclusions
This case and review emphasizes the importance of 
molecular methods for the definitive identification of 
F. monophora, a cause of fungal brain abscess that is 
increasingly being reported. All the published cases 
to date have used sequencing for final identification. 
Targeting the ITS region of 18s rDNA, the universal 
fungal barcode, is usually sufficient, and no addition-
al foci need to be sequenced. Although the implication 
of F. monophora identification for patient management 
is not clear, patient management may be changed in 
the future once more data are available.

About the Author
Dr. Gourav is a senior resident in the Department of  
Microbiology, All India Institute of Medical Sciences,  
Ansari Nagar, New Delhi, with a research interest in  
clinical mycology.

References
  1. De Hoog GS, Attili-Angelis D, Vicente VA, Van Den Ende AH,  

Queiroz-Telles F. Molecular ecology and pathogenic  
potential of Fonsecaea species. Med Mycol. 2004;42:405–16. 
https://doi.org/10.1080/13693780410001661464

  2. Surash S, Tyagi A, De Hoog GS, Zeng JS, Barton RC,  
Hobson RP. Cerebral phaeohyphomycosis caused by  
Fonsecaea monophora. Med Mycol. 2005;43:465–72.  
https://doi.org/10.1080/13693780500220373

  3. Lucasse C, Chardome J, Magis P. Cerebral mycosis from 
Cladosporium trichoides in a native of the Belgian Congo [in 
French]. Ann Soc Belg Med Trop (1920). 1954;34:475–8. 

  4. Nóbrega JP, Rosemberg S, Adami AM, Heins-Vaccari EM, 
Lacaz CS, de Brito T. Fonsecaea pedrosoi cerebral  
phaeohyphomycosis (“chromoblastomycosis”): first human 
culture-proven case reported in Brazil. Rev Inst Med Trop 
São Paulo. 2003;45:217–20. https://doi.org/10.1590/ 
S0036-46652003000400008

  5. Takei H, Goodman JC, Powell SZ. Cerebral  
phaeohyphomycosis caused by Ladophialophora bantiana and 
Fonsecaea monophora: report of three cases. Clin Neuropathol. 
2007;26:21–7. https://doi.org/10.5414/NPP26021

  6. Koo S, Klompas M, Marty FM. Fonsecaea monophora cerebral 
phaeohyphomycosis: case report of successful surgical  
excision and voriconazole treatment and review. Med Mycol. 
2010;48:769–74. https://doi.org/10.3109/13693780903471081

  7. Doymaz MZ, Seyithanoglu MF, Hakyemez İ, Gultepe BS, 
Cevik S, Aslan T. A case of cerebral phaeohyphomycosis 
caused by Fonsecaea monophora, a neurotropic dematiaceous 
fungus, and a review of the literature. Mycoses. 2015;58:187–
92. https://doi.org/10.1111/myc.12290

  8. Bagla P, Loeffelholz M, Blanton LS. Cerebral  
phaeohyphomycosis by Fonsecaea monophora: report in a 
patient with AIDS and a ring enhancing lesion. Med  
Mycol Case Rep. 2016;12:4–7. https://doi.org/10.1016/ 
j.mmcr.2016.06.002

  9. Varghese P, Jalal MJA, Ahmad S, Khan Z, Johny M,  
Mahadevan P, et al. Cerebral phaeohyphomycosis caused by 
Fonsecaea monophora: first report from India. Int J Surg Med. 
2016;2:44–9. https://doi.org/10.5455/ijsm.neurosurgery01

10. Stokes W, Fuller J, Meier-Stephenson V, Remington L, 
Meatherall BL. Case report of cerebral phaeohyphomycosis 
caused by Fonsecaea monophora. Off J Assoc Med Microbiol 
Infect Dis Canada. 2017;2:86–92. https://doi.org/10.3138/
jammi.2.1.013 

11. Dobias R, Filip M, Vragova K, Dolinska D, Zavodna P,  
Dujka A, et al. Successful surgical excision of cerebral  
abscess caused by Fonsecaea monophora in an  
immunocompetent patient and review of literature. Folia 
Microbiol (Praha). 2019;64:383–8. https://doi.org/10.1007/
s12223-018-0661-9

12. Helbig S, Thuermer A, Dengl M, Krukowski P, de With 
K. Cerebral abscess by Fonsecaea monophora—the first case 
reported in Germany. Open Forum Infect Dis. 2018;5:ofy129. 
https://doi.org/10.1093/ofid/ofy129

13.  Madhugiri VS, Singh R, Vyavahare M, Vijayahari R,  
Sasidharan GM, Kuma VR, et al. Opportunistic Fonsecaea 
pedrosoi brain abscess in a patient with non-cirrhotic portal 
fibrosis-induced hypersplenism—a novel association.  
Br J Neurosurg. 2013;27:690–3. https://doi.org/10.3109/ 
02688697.2013.771732

14. Najafzadeh MJ, Badali H, Illnait-Zaragozi MT, De Hoog GS, 
Meis JF. In vitro activities of eight antifungal drugs against 
55 clinical isolates of Fonsecaea spp. Antimicrob Agents 
Chemother. 2010;54:1636–8. https://doi.org/10.1128/
AAC.01655-09

15. Coelho RA, Brito-Santos F, Figueiredo-Carvalho MHG,  
Silva JVDS, Gutierrez-Galhardo MC, do Valle ACF, et al. 
Molecular identification and antifungal susceptibility profiles 
of clinical strains of Fonsecaea spp. isolated from patients with 
chromoblastomycosis in Rio de Janeiro, Brazil. PLoS Negl 
Trop Dis. 2018;12:e0006675. https://doi.org/10.1371/ 
journal.pntd.0006675

Address for correspondence: Immaculata Xess, Department of 
Microbiology, All India Institute of Medical Sciences, Ansari 
Nagar, New Delhi 110029, India; email: immaxess@gmail.com

https://doi.org/10.1080/13693780410001661464
https://doi.org/10.1080/13693780500220373
https://doi.org/10.1590/S0036-46652003000400008
https://doi.org/10.1590/S0036-46652003000400008
https://doi.org/10.5414/NPP26021
https://doi.org/10.3109/13693780903471081
https://doi.org/10.1111/myc.12290
https://doi.org/10.1016/j.mmcr.2016.06.002
https://doi.org/10.1016/j.mmcr.2016.06.002
https://doi.org/10.5455/ijsm.neurosurgery01
https://doi.org/10.3138/jammi.2.1.013
https://doi.org/10.3138/jammi.2.1.013
https://doi.org/10.1007/s12223-018-0661-9
https://doi.org/10.1007/s12223-018-0661-9
https://doi.org/10.1093/ofid/ofy129
https://doi.org/10.3109/02688697.2013.771732
https://doi.org/10.3109/02688697.2013.771732
https://doi.org/10.1128/AAC.01655-09
https://doi.org/10.1128/AAC.01655-09
https://doi.org/10.1371/journal.pntd.0006675
https://doi.org/10.1371/journal.pntd.0006675


1236 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 6, June 2024

DISPATCHES

In 1926, A.C. Chandler described “a new schisto-
some infection of man” based on the presence of 

distinctive terminal spined schistosome eggs from 2 
human fecal samples collected in Krishnanagar, West 
Bengal, and Kalimpong, Sikkim, both in northeast In-
dia (1). Obtaining fecal samples directly from humans 
was difficult; thus, both specimens were collected 
from areas where humans regularly defecated, and 
the provenance of the specimens could not be con-
firmed (1). No subsequent human infections with that 
schistosome species, Schistosoma incognitum, were re-
ported, and pigs, which are natural hosts, were prev-
alent in the areas where the samples were collected. 
Other researchers later considered those 2 infections 
likely were derived from misidentified pig feces (2). 
However, Chandler claimed in the original report that 
“from the nature of the stool there was no reasonable 
doubt that it was human stool” based upon its fresh 
collection from an area frequented by humans for def-
ecation and the presence of Trichuris and Ascaris eggs 
in 1 of the stool samples and hookworm eggs in both 
samples (1). No further reports of S. incognitum in hu-
man stool were made after Chandler’s initial findings. 

We report detection of S. incognitum from 2 persons in 
Tamil Nadu, India, and review autochthonous schis-
tosomiasis cases from Nepal and India.

The Study
In September 2016, as part of a community-based 
study on hookworm, stool surveys from ≈8,600 par-
ticipants were conducted in 45 villages in Thiruva-
namalai District, Tamil Nadu, India (3), an area that 
has high rates of open defecation. Participants pro-
vided written informed consent, and the study was 
reviewed and approved by the institutional review 
board of Christian Medical College, Vellore, India 
(approval no. 8264, 2023 March 27). 

As part of that study, suspected schistosome 
eggs were seen in direct wet mounts (2–3 ova/
slide) from fecal samples of 2 women, 50 and 35 
years of age, who were from the same household. 
The eggs were 110–120 µm in length, suboval, flat-
ter on one side, and bluntly rounded at the aspi-
nous end and displayed a prominent asymmetric 
terminal spine (Figure 1). Motile miracidia were 
clearly visible within the eggs. The eggs were con-
sistent with morphologic descriptions and illustra-
tions of S. incognitum (1,2,4).

Both women were generally in good health. The 
older woman was co-infected with hookworm. Both 
women belonged to low socioeconomic strata, had 
no toilet access, and used water from a public tap for 
drinking and household use. Other infection risks 
were owning or exposure to animals, including dogs, 
pigs, and free roaming cattle and poultry, as well as 
handling animal manure daily. The women’s house 
was located next to a stream that was used for open 
defecation. On re-evaluation in 2018, both women 
were in good health; stool sample examinations, 
complete blood counts, and liver function tests were 
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A fecal survey in Tamil Nadu, India, revealed 2 persons 
passed schistosome eggs, later identified as Schisto-
soma incognitum, a parasite of pigs, dogs, and rats. We 
investigated those cases and reviewed autochthonous 
schistosomiasis cases from India and Nepal. Whether 
the 2 new cases represent true infection or spurious pas-
sage is undetermined. 
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within normal ranges, and no Schistosoma ova were 
detected in stool samples. No treatment was given 
during either observation; the women were advised 
regarding good hygiene practices.

Those 2 cases likely represent spurious fecal pas-
sage of S. incognitum eggs after consumption of animal 
liver, food contaminated with animal feces, or other 
environmental ingestion. However, long-term or tran-
sient true infections cannot be excluded. Species iden-
tification relied on morphology of the passed eggs be-
cause molecular identification was not possible. 

S. incognitum is a natural parasite of pigs, dogs, 
sheep, goats, and rodents in Asia (2,4,5). In ricefield 
rats (Rattus argentiventer), S. incognitum eggs invade 
the liver and cause hepatic granulomas; less com-
monly, ectopic egg granulomas can be found in the 
intestine, stomach, pancreas, or lungs (5). Lymnaea 
luteola water snails are the intermediate host (4,6,7).

Experimental infection of primates with S. incog-
nitum is possible (6,7), indicating that human infection 
also might occur. In 1 experiment, 13 immunocompe-
tent rhesus monkeys (Macaca mulatta) were percutane-
ously exposed to 1,000–2,500 cercariae (6). Fatal infec-
tion developed in 2 monkeys. At necropsy, 1 monkey 
harbored 100 mature S. incognitum flukes in the in-
trahepatic portal veins and 4 adult flukes (2 female 
and 2 male) in the mesenteric veins. Both viable and 
immature S. incognitum eggs were found in the liver 
but none in the intestinal wall or feces. The second 
deceased monkey was infected with 400 immature S. 
incognitum flukes in the intrahepatic vessels and 8 in 
the spleen. Another 4 infected monkeys had 1–6 im-
mature S. incognitum flukes in the intrahepatic portal 
veins, and the other animals were refractory to infec-
tion, including 1 monkey exposed multiple times (6). 

In another experiment, 10 immunocompetent 
rhesus monkeys were percutaneously exposed to 
2,000–2,500 cercariae (7). Upon necropsy at 21–
35 days postinfection, 2–114 adult S. incognitum 
flukes were recovered from the hepatointestinal 
circulation; 2 monkeys also had 2–3 adult flukes 
in the lungs. Four monkeys were euthanized at  
45–100 days postinfection; 2 were infected with sin-
gle immature S. incognitum flukes (7). That study 
did not state whether the animals were euthanized 
later because they did not show evidence of infec-
tion. Two other studies either found rhesus mon-
keys were refractory to or only capable of maintain-
ing transient S. incognitum infections (7). Neither 
study reported S. incognitum eggs in feces from in-
fected monkeys.

Our report on human passage of S. incogni-
tum eggs and that by Chandler (1) are not the only  

reports of schistosomiasis from the subcontinent of 
India. Many convincing reports from India and Ne-
pal document autochthonous schistosomiasis cases 
without a history of travel to endemic regions (8–15) 
(Figure 2). In India, in 1952, a large focus of genito-
urinary schistosomiasis, assigned to S. haematobium, 
was discovered in Gimvi Village, Ratnagiri District, 
Maharashtra (8). Of 1,200 village inhabitants, 250 
cases were detected, a 21% overall prevalence (8). In 
1956, S. haematobium–like eggs were reported in the 
feces of 3 people from New Delhi and 1 from Pun-
jab, none with travel histories (9). Later, 30% of 3,000 
inhabitants of Tirupparankundram Village, Madu-
rai District, Madras, were found to be passing eggs 
resembling S. haematobium (10). A 1989 parasitologic 
survey of Dokur Village, Andhra Pradesh, found 
samples from 4 participants, 2 stool and 2 urine 
samples, contained eggs clearly resembling those of 
S. haematobium (11), but the 2 positive fecal samples 
were assumed to have been contaminated by urine 
during collection (12). No travel to S. haematobium–
endemic regions was reported in those cases (8–12). 
Several other reports of schistosomiasis from India 

Human Passage of Schistosoma incognitum, India

Figure 1. Schistosoma incognitum egg identified in the feces of 
a woman from Tamil Nadu, India. Saline direct smear. Original 
magnification ×400; scale bar indicates 25 µm. 



DISPATCHES

1238 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 6, June 2024

lack sufficient evidence or have travel histories to 
known endemic regions (12). Other reports clearly 
show artifacts mistaken for schistosome eggs (13).

Autochthonous schistosomiasis has also been 
reported from Nepal. In the late 1990s, eggs mor-
phologically indistinguishable from S. mansoni were 
found in the feces of 3 persons from the Dhanusha 
district, none of whom had traveled outside of Nepal 
(14). A subsequent serologic survey using a Schisto-
soma antibody ELISA assay revealed a seroprevalence 
of 18.1% in 518 participants from 4 villages (14). In 
2019, urinary passage of terminal spined schistosome 
eggs morphologically indistinguishable from S. hae-
matobium was reported in a patient from the Siraha 
district of Nepal with no travel history outside of In-
dia and Nepal (15).

Conclusions
Whether reports of human schistosomiasis represent 
true S. haematobium, S. mansoni, and S. incognitum  

infections, hybrids of human and animal schisto-
somes, spurious passage of animal schistosome 
eggs, or hitherto unrecognized zoonotic schisto-
some infections remain unclear. Those reports also 
could represent minor transmission foci after local 
introduction of schistosomiasis to an area by a trav-
eler or returning resident. We recommend further 
investigation of the many reports of human schis-
tosomiasis in India and Nepal. Those investigations 
should include molecular typing and phylogenetic 
placement to taxonomically identify Schistosoma 
species and surveillance to determine species dis-
tribution in the region.
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Figure 2. Geographic locations of Schistosoma incognitum passage from humans and autochthonous human schistosomiasis in India 
and Nepal. Map shows credible reports of urinary or fecal passage of schistosome eggs in India and Nepal from this study and others 
(1,8–11,14,15). Included patients had no reported travel history to known endemic areas. Where possible, state and district information 
are provided.
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Human Passage of Schistosoma incognitum, India
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etymologia revisited
Enterocytozoon bieneusi 
[′entərəˌsaitə′ӡu:ən bıə′nəʊsı]

From the Greek  en’tĕr-ō-sī’tōn (intestine), kútos (vessel, cell), and zō’on (animal), 
and the surname Bieneus, in memory of the first infected patient whose case 

was reported in Haiti during 1985. Enterocytozoon bieneusi, a member of the wide-
ranging phylum Microsporidia, is the only species of this genus known to infect 
humans. Microsporidia are unicellular intracellular parasites closely related to 
fungi, although the nature of the relationship is not clear.

E. bieneusi, a spore-forming, obligate intracellular eukaryote, was discovered 
during the HIV/AIDS pandemic and is the main species responsible for intestinal 
microsporidiosis, a lethal disease before widespread use of antiretroviral therapies. 
More than 500 genotypes are described, which are divided into different host-specific 
or zoonotic groups. This pathogen is an emerging issue in solid organ transplantation, 
especially in renal transplant recipients.
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Recent spillover events by coronaviruses high-
lights the potential devastating effects of emer-

gence into human populations (1). Subsequent evo-
lution can create variants in response to natural and 
vaccine-induced immunity. Canine enteric coronavi-
rus (CECoV) is an alphacoronavirus with a complex 
evolutionary history punctuated by recombination 
(2). Type I and II CECoVs were largely defined by 
serologic differences; type I CECoVs also contain an 
additional open reading frame (3). Recently, type IIb 
and IIc (also called type I/II) variants were defined on 
the basis of recombination in the N terminal domain 
of the spike protein between type IIa CECoVs and ei-
ther transmissible gastroenteritis virus of pigs or type 
I CECoV (2).

CECoV is generally associated with mild endemic 
canine gastroenteritis, and only sporadic reports of se-
vere disease occur. Severe disease is usually associated  

with co-infection with other pathogens, known as 
pantropic CECoV (4). In 2020, an outbreak of gastro-
enteric disease occurred in dogs in the United King-
dom and was associated with a nationally distributed 
variant of CECoV (5). In 2022, a similar outbreak was 
reported on social media and initially affected coastal 
regions of Yorkshire, UK. Speculation about etiolo-
gies included contact with dead marine animals.

The Study
We obtained electronic health data from the Small 
Animal Veterinary Surveillance Network (SAVSNET)  
(https://www.liverpool.ac.uk/savsnet). Veterinary 
data are collected passively by SAVSNET from ≈10% 
of veterinary practices in the United Kingdom, in-
cluding a practitioner-recorded main presenting 
complaint (MPC). Laboratory data are collected pas-
sively by SAVSNET from participating diagnostic 
laboratories used by ≈60% of veterinary practices in 
the United Kingdom. We provided validated ques-
tionnaires to owners and veterinary surgeons to col-
lect more detailed descriptive information. We re-
cruited participants by using SAVSNET websites and 
social media.

We obtained canine fecal samples from 2 sourc-
es. We asked veterinary surgeons completing ques-
tionnaires to submit samples from dogs with vomit-
ing, diarrhea, or both of unknown etiology. We also 
asked them to submit samples from control dogs. 
We additionally retrieved samples sent directly to 
IDEXX Laboratories (https://www.idexx.com) for 
testing for canine enteric pathogens after the com-
pletion of diagnostic testing (6). This study was ap-
proved by Liverpool University’s Central Committee  

Emerging Variants of Canine Enteric 
Coronavirus Associated with  

Outbreaks of Gastroenteric Disease
Edward Cunningham-Oakes,1 Jack Pilgrim,1 Alistair C. Darby, Charlotte Appleton, Chris Jewell,  
Barry Rowlingson, Carmen Tamayo Cuartero, Richard Newton, Fernando Sánchez-Vizcaíno,  
Ivo Salgueiro Fins, Bethaney Brant, Shirley Smith, Rebekah Penrice-Randal, Simon R. Clegg,  

Ashley P.E. Roberts, Stefan H. Millson, Gina L. Pinchbeck, P.-J.M. Noble, Alan D. Radford

Author affiliations: University of Liverpool, Liverpool, UK  
(E. Cunningham-Oakes, J. Pilgrim, A.C. Darby, I.S. Fins, B. Brant, 
S. Smith, R. Penrice-Randal, G.L. Pinchbeck, P.-J.M. Noble,  
A.D. Radford); Lancaster University, Lancaster, UK (C. Appleton, 
C. Jewell, B. Rowlingson); University of Bristol, Bristol, UK  
(C.T. Cuartero, F. Sánchez-Vizcaíno); University of Cambridge, 
Cambridge, UK (R. Newton); University of Lincoln, Lincoln, UK 
(S.R. Clegg, A.P.E. Roberts, S.H. Millson).

DOI: https://doi.org/10.3201/eid3006.231184 1These first authors contributed equally to this article.

A 2022 canine gastroenteritis outbreak in the United 
Kingdom was associated with circulation of a new ca-
nine enteric coronavirus closely related to a 2020 vari-
ant with an additional spike gene recombination. The 
variants are unrelated to canine enteric coronavirus–like 
viruses associated with human disease but represent a 
model for coronavirus population adaptation.
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(approval no. RETH00964) and Veterinary Research 
Ethics Committee (approval no. VREC922ab).

We modeled the weekly prevalence of gastroen-
teric MPC cases by using a logistic latent Gaussian 
process model, as done in previous studies (5), while 
adjusting for COVID-19–related disturbances in con-
sult numbers. The modeling allowed us to capture the 
normal pattern of seasonal incidence in MPC cases; 
we considered the detection of high case prevalence 
as extreme relative to the model-based predictive  

distribution (Appendix, https://wwwnc.cdc.gov/
EID/article/30/6/23-1184-App1.pdf).

We performed nucleic acid extraction, PCR, ma-
trix gene sequencing, and analyses, as previously 
described (5). The diversity of sampled CECoVs 
required 2 approaches for whole-genome sequenc-
ing: initial sequence-independent single-primer am-
plification (SISPA) (7) and amplicon-tiling by using 
overlapping primers on the basis of SISPA-derived 
sequences (8) (Appendix).

Figure 1. Maximum-likelihood 
tree of partial matrix gene (315-
bp) sequences of canine enteric 
coronavirus recovered from infected 
canines, United Kingdom, 2020 
and 2022. Sequences obtained 
from samples collected in 2022 
are marked in purple (main strain) 
and blue (minor strains); stars 
indicate samples that were whole-
genome sequenced as part of this 
study. Sequences obtained from 
2020 are marked in orange. Scale 
bar indicates number of base 
differences per site. 
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We assessed recombination by visualizing 
whole genome alignments by using SimPlot++ 1.3  
(https://github.com/Stephane-S/Simplot_PlusPlus). 
We aligned draft CECoV genomes and the nearest Gen-
Bank matches by using MAFFT (https://mafft.cbrc.jp/
alignment/software). We identified regions of recom-
bination by using Gubbins 2.3.4 (https://github.com/
nickjcroucher/gubbins) and Phandango 1.3.0 (https://
bivi.co/visualisation/phandango). We then masked 
those regions by using BEDTools 2.31.0 (https:// 
bedtools.readthedocs.io/en/latest/index.html) and re-
moved excessive gaps by using Gblocks 0.91b (https://
gensoft.pasteur.fr/docs/gblocks/0.91b) before per-
forming phylogenetic reconstruction with ModelFinder  
IQTree (http://www.iqtree.org/ModelFinder) and 
EvolView 3 (https://www.evolgenius.info).

The canine gastroenteric MPC was seasonal, 
peaking in January and February at 4%–5% of con-
sultations. In Yorkshire, a 2-week period in 2022 ex-
ceeded 99% prediction intervals, consistent with an 
outbreak. Laboratory results showed CECoV diag-
nosis peaking each winter, with >20% of submitted 
samples positive (Appendix Figure 3). We received 
28 questionnaire responses from veterinarians (20 
cases, 8 controls) and 438 from owners (cases). The 
primary clinical signs were vomiting, diarrhea, and 
inappetence. Most cases lasted 3–7 days (7 [35.0%] of 
vet responses and 170 [38.8%] of owner responses). 
In co-habiting dogs, 108 (59.3%) were also unwell, 
suggesting possible transmission. Twenty-five per-
cent of veterinary-reported cases and controls indi-
cated a recent beach visit. All groups showed similar 
diet profiles.

We received 46 canine fecal samples from veteri-
nary practices (45 cases, 1 control); 18 tested CECoV-
positive. We obtained 87 samples from the diagnostic 
laboratory. We tested 27 and found that 19 were CE-

CoV-positive, including 16 known CECoV-positive 
samples from the submitting laboratory. Matrix gene 
sequences for 36 of 37 amplicons were supplemented 
from a parallel study at the University of Lincoln. 
Phylogenetic analysis identified 1 main variant (25/55 
sequences) (Figure 1) widely distributed across the 
United Kingdom (Appendix Figure 1); the remaining 
samples distributed into 14 minor variants.

Our use of SISPA recovered 4 genomes, and 
by using primers on the basis of the sequence for 
Dog10/22, our amplicon tiling resulted in 6 addi-
tional near full-length genomes. Sequences of the 
2022 major variant were most closely related to the 
2020 major variant (Dog7/20) over most of the ge-
nome (96% coverage and 97.08% identity), and the 
gap in coverage was associated with low 5′ spike 
gene similarity (Figure 2). The mismatched area was 
closely related to A76-type viruses, suggestive of a 
recombination event. A core genome phylogeny ex-
cluding recombinant regions identified by Gubbins 
confirmed that the main 2022 variant was highly 
homogenous, clustering most closely with the main 
2020 variant (Appendix Figure 2). All 2022 CECoVs 
from the United Kingdom were distinct from sero-
type IIb strains (Appendix Figure 4), which were 
associated with human pneumonia (HuPn-2018 
and CECoV-Z19). The main 2020 variant, although 
classified as part of serotype IIb, lacked amino acid 
changes typically associated with a respiratory tro-
pism (Appendix Figure 5).

Conclusions
Our investigation showed a repeated winter rise in 
canine gastrointestinal disease nationally, which re-
gionally exceeded normal seasonal prediction inter-
vals and coincided with increased CECoV diagnoses. 
Questionnaire responses aided in refuting links to 

Figure 2. Viral sequences from 
2022 identified from canine 
enteric coronavirus–infected 
canines in the United Kingdom, 
demonstrating a close relation 
to the 2020 major variant. The 
mismatched area was closely 
related to A76-type viruses, 
suggestive of a recombination 
event. Simplot analysis used the 
main variant observed in the 2022 
United Kingdom outbreak (Dog 
10/22) as a reference compared 
with the main (Dog 7/20) and 
minor (Dog 15/20) strains from the 
2020 outbreak and the A76 strain. 
E, envelope; M, membrane; N, 
nucleocapsid; ORF, open reading 
frame; S, spike.
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possible exposures to beaches and highlighted the 
severity and prolonged duration of many cases. Se-
quence analysis identified diverse variants of CECoV 
circulating in dogs in the United Kingdom during the 
2022 sampling period, and 1 variant predominated. 
Whole-genome sequencing demonstrated that the 
predominant variant was closely related to a variant 
associated with a similar outbreak but had an addi-
tional spike gene recombination. We cannot formally 
link CECoV infection to disease; however, we suggest 
that because of the dominance of the 2022-sampled 
CECoV population by a single new variant, coupled 
with spike gene mutations likely to affect transmissi-
bility or immunity (2), we may classify CECoV10/22 
as a CECoV variant of interest in dogs (9).

Advances in sequencing technologies have en-
abled high-throughput and cost-effective methods to 
generate viral genomes for disease surveillance (10). 
Matrix gene PCR and SISPA of representative sam-
ples, followed by specific amplicon tiling, is an effi-
cient strategy for surveillance in relatively resource-
poor populations regardless of the affected species, 
where prior knowledge of circulating variants will 
likely be limited.

On the basis of resulting whole-genome sequenc-
es, our explanation for the origins of the predominant 
variant from 2022 is past co-infection with both a 
serotype I/II strain, such as an A76-type virus (11), 
and a virus like the major variant strain from 2020 
(2). The complex mosaic nature of CECoV genomes 
suggests whole-genome sequencing is required for 
future surveillance. Because of the role of the spike 
protein in determining receptor binding, host affin-
ity, immunoevasion, and severity of disease (2), the 
recombinant variants might behave differently from 
prototypical CECoV strains (11,12). Recent identifica-
tion of CECoV variants in raccoon dogs (Nyctereutes 
procyonoides) from Wuhan, China, closely related to 
the major variant we identified in 2020 (13) and of 
CECoV-like viruses in humans (14,15) heightens the 
need for efficient surveillance of circulating CECoV 
variants in pet dogs and other domesticated species, 
wildlife, and humans.

Raw reads, annotated genomes, and matrix gene  
sequences can be found in the European Nucleotide  
Archive (Bioproject no. PRJEB55544). Primer schemes,  
reference genomes, pilot amplicon-tiling, and BugSeq 
results can be found at https://github.com/ 
edwardcunningham-oakes/CECoV-outbreak-2022.
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etymologia revisited
Culex quinquefasciatus 

[′kyo͞o leks ′kwinkwə fa she ′ah tus]

In 1823, the American entomologist Thomas Say described Culex (Lat-
in for “gnat”) quinquefasciatus, which he collected along the Missis-

sippi River. Originally written as “C. 5-fasciatus,” the name refers to 5 
(“quinque”) black, broad, transverse bands (“fasciatus” or “fasciae”) on 
the mosquito’s dorsal abdomen. The name remains despite later revela-
tions of more than 5 fasciae, thanks to improved microscopy. Although 
quinquefasciatus is the official scientific name, there are at least 5 syn-
onymous names for this species.

Say described this species as “exceedingly numerous and trouble-
some.” “Quinx” are among the world’s most abundant peridomestic 
mosquitoes, earning the nickname “southern house mosquito.” Cx. quin-
quefasciatus is found throughout subtropical and tropical areas world-
wide, except for exceedingly dry or cold regions. This mosquito is a prin-
cipal vector of many pathogens, transmitting the phlebovirus Rift Valley 
fever virus and the 2 flaviviruses St. Louis encephalitis virus and West 
Nile virus, in addition to filarial worms and avian malarial parasites.
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An 18-year-old man visited St. Jude Children Re-
search Hospital in Memphis, Tennessee, USA, 

with systemic symptoms and lymphadenopathy and 
received a diagnosis of early T-cell precursor acute 
lymphoblastic leukemia. Induction chemotherapy 
was complicated by rhinosinusitis linked to species 
of Alternaria and Curvularia and presumed fungal 
pneumonia. The man’s treatment consisted of de-
bridement of his nasal and sinus passages and ad-
ministration of liposomal amphotericin B, followed 
by oral posaconazole for 5 months. Thereafter, 
posaconazole secondary prophylaxis was prescribed 
during severe neutropenia.

The man’s leukemia relapsed 6 months after his 
original diagnosis, and he received treatment that 
included cyclophosphamide, vincristine, doxorubi-
cin, methotrexate, cytarabine, dexamethasone, da-
satinib, and venetoclax. At 4 months postrelapse, 
while receiving posaconazole prophylaxis (300 mg 
orally 2×/d), the patient sought medical treatment 
for acute right facial pain and a black eschar on his 

anterior nasal septum. His leukocyte count was 0.16 
× 103 cells/mm3 (normal 4.5 to 11.0 x 103 cells/mm3), 
and his absolute neutrophil count was 20 cells/mm3 

(normal 1,500 to 8,000 cells/mm3). Measurement of 
his serum posaconazole trough concentration re-
vealed a level of 1.4 μg/mL (desired concentration 
≥0.7 μg/mL). Computed tomography of the sinuses 
showed evidence of rhinosinusitis (Figure 1, panel 
A). A magnetic resonance imaging scan revealed soft 
tissue swelling, right nodularity and irregular nasal 
septal mucosal thinning, sinus mucosal thickening, 
and enhancing right jugular lymph nodes. Comput-
ed tomography of the chest yielded unremarkable 
results. The patient used smokeless chewing tobacco 
and electronic cigarettes but had an otherwise unre-
markable exposure history.

The patient underwent nasal endoscopy and 
debridement (Figure 1, panel B). Hematoxylin and 
eosin–stained sections from a biopsy of the right na-
sal septum revealed necrotic tissue with numerous 
hyaline fungal elements with a wide. ribbon-like 
appearance, further highlighted by Gomori methe-
namine-silver staining (Figure 1, panels C–F). Tech-
nicians isolated coagulase-negative Staphylococcus 
and Enterococcus faecium from bacterial cultures but 
considered those elements contaminants. We ob-
tained 2 isolates from a fungal culture, identifying 
1 microscopically, on lactophenol cotton blue stain, 
as a Curvularia species. Further testing by matrix-
assisted laser desorption/ionization time-of-flight 
mass spectrometry (Vitek MS V3.2; bioMérieux, 
https://www.biomerieux.com) revealed the isolate 
to be Curvularia lunata. We determined the other iso-
late to be Choanephora infundibulifera by phenotypic 
characterization (Figure 2) and BLAST searches 
(https://blast.ncbi.nlm.nih.gov) using sequences 
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Choanephora infundibulifera is a member of the Mucora-
les order of fungi. The species is associated with plants 
as a saprophyte or parasite and may be responsible for 
spoilage or disease but is an uncommon cause of human 
infection. We describe C. infundibulifera rhinosinusitis in 
a young man with leukemia in Tennessee, USA.
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of the nuclear ribosomal internal transcribed spacer 
region (GenBank accession no. OR643928) and the 
D1 and D2 domains of the 28S rRNA gene (Gen-
Bank accession no. OR643927). BLAST search re-
sults matched with reference strains as follows: in-
ternal transcribed spacer region, C. infundibulifera 
CBS 153.51 99.46%, C. infundibulifera KUS-F27535 
99.49%; D1 and D2 domains of the 28S rRNA gene, 
C. infundibulifera CBS 153.51 100%, C. infundibulifera 
KUS-F27535 100% (1–3). We determined MICs for 
amphotericin B (≤0.3 μg/mL), micafungin (>8 μg/
mL), voriconazole (>16 μg/mL), posaconazole (1 
μg/mL), and isavuconazole (>16 μg/mL) per the 
Clinical and Laboratory Standards Institute’s broth 
microdilution method (4).

We initiated liposomal amphotericin B (5 mg/
kg/d) as treatment and continued posaconazole. We 
directed the patient to receive 4 additional nasal and 
sinus debridements over 2 weeks, observing fungal 
elements in biopsies obtained from the first 3 op-
erations. Cultures from all biopsies, however, were 
sterile. We transitioned the patient to amphotericin 

B (3×/wk) after 3 weeks and discontinued posacon-
azole 1 month thereafter. The patient’s nasal pain and 
tenderness progressively improved. Otolaryngology 
evaluation 4 weeks after the onset of infection was 
unremarkable. Unfortunately, the patient died of re-
fractory leukemia 4 months after the diagnosis of his 
fungal infection (14 months after leukemia diagnosis).

Conclusions
The Mucorales group consists of over 260 species in 
55 genera that  are ubiquitous in wet, organic envi-
ronments. Approximately 40 species are clinically 
significant, causing invasive infection (mucormyco-
sis) chiefly in persons with diabetes and immuno-
compromising conditions (1). The genus Choanephora 
(family Choanephoraceae) contains 2 species, C. infun-
dibulifera and C. cucurbitarum (5). These species are 
saprophytes or parasites of plants that can promote 
spoilage and disease (6). C. cucurbitarum, the more 
commonly recognized species, causes wet blight, 
flower rot blight, and leaf blight, chiefly on summer 
squash and other cucurbits (7).

Figure 1. Computed tomography, endoscopic findings, and histomorphology of rhinosinusitis caused by Choanephora infundibulifera 
in a man with leukemia in Memphis, Tennessee, USA. A) Computed tomography shows new asymmetric swelling of the anterior nasal 
septum and irregularity of the right septum, edema of the inferior turbinates, and obstruction of the right frontal sinus outflow tract. A 
septal perforation, the sequela of the patient’s previous fungal rhinosinusitis, was stable. B) Nasal endoscopy reveals necrosis of the 
anterior nasal septa. C, D) Necrotic sinonasal mucosa contains numerous hyaline (nonpigmented) fungal elements with broad (ribbon-
like), thin-walled, nonseptated, and pleomorphic fungal hyphae. Hematoxylin and eosin stain; original magnification ×200 for panel C, 
×400 for panel D. E, F) Gomori methenamine-silver stain highlights the fungal elements (in black). Original magnification ×200 for panel 
E, ×400 for panel F.
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Choanephora infundibulifera Rhinosinusitis 

First described by Currey in 1873, C. infundibu-
lifera infrequently causes plant disease but has been 
implicated in twig and leaf rot and blossom blight 
(8–11). On potato-carrot or potato dextrose agar, 
colonies grow rapidly at 25°C with abundant white, 
pale-yellow, or brown mycelia and sporangiophores, 
with sporangia arising from substrate mycelium or 
nonseptate, unbranched, hyaline aerial hyphae (11). 
Definitive identification is based on morphology and 
sequencing of the nuclear ribosomal internal tran-
scribed spacer region and the D1 and D2 domains of 
the 28S rRNA gene.

In the patient we describe, Curvularia species was 
among those isolated from the initial nasal biopsy, 
but histopathologic features observed in multiple bi-
opsies over 2 weeks suggested that this was not the 
predominant pathogen. The fungal elements we ob-
served in the infected tissue were consistently sug-
gestive of an infection caused by a species in the or-
der of Mucorales rather than a species of Curvularia, a 
dematiaceous mold that is typically pigmented, with 
septate and often acutely branched hyphae. Further-
more, the patient’s clinical course, with progressive 
tissue necrosis necessitating serial debridement to 
achieve a cure, was more consistent with the aggres-
sive disease characteristic of a species in the order of 
Mucorales (12).

We could not determine a clear source of the pa-
tient’s fungal infection. We noted that he had limited 
exposure to the outdoors in the weeks before his in-
fection and no close contact with plants or soil. We 
did not obtain hospital and domiciliary environmen-
tal samples; however, we did determine that no ad-
ditional cases of infection caused by Choanephora or 
Curvularia species were reported in the hospital prox-
imate to the patient’s illness.

The optimal treatment for infections caused by 
Choanephora species is unknown. The minimal in-
hibitory concentration correlation with treatment re-
sponse in vivo is unknown, but the in vitro antifungal 
minimal inhibitory concentrations against this isolate 
suggest amphotericin B might have greater activ-
ity than posaconazole and isavuconazole, which are 
used to treat mucormycosis caused by other species. 
Consistent with the antifungal susceptibility results, 
our patient’s infection developed while he was re-
ceiving secondary prophylaxis with posaconazole. 
Treatment with liposomal amphotericin, initially in 
combination with posaconazole and with adjunctive 
surgical debridement, led to clinical and microbiolog-
ical resolution of his infection despite ongoing cancer 
therapy and neutropenia. This report of human nasal 
infection caused by a species of Choanephora serves as 

a reminder that emerging fungal pathogens continue 
to pose clinical challenges, especially in severely im-
munocompromised patients.

This work was reviewed by the St. Jude Children’s  
Research Hospital Institutional Review Board.
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etymologia revisited
Picobirnavirus [pi-ko-burґnə-vi″rəs] 

Picobirnavirus, the recently recognized sole genus in the family Pi-
cobirnaviridae, is a small (Pico, Spanish for small), bisegmented (bi, 

Latin for two), double-stranded RNA virus. Picobirnaviruses were ini-
tially considered to be birna-like viruses, and the name was derived 
from birnavirus (bisegmented RNA), but the virions are much smaller 
(diameter 35 nm vs. 65 nm).

Picobirnaviruses are reported in gastroenteric and respiratory 
infections. These infections were first described in humans and black-
footed pigmy rice rats in 1988. Thereafter, these infections have been 
reported in feces and intestinal contents from a wide variety of mam-
mals with or without diarrhea, and in birds and reptiles worldwide.
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tract. Emerg Infect Dis. 2012;18:1539–40. https://doi.org/10.3201/
eid1809.120507
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Burkholderia semiarida has only been reported as a 
plant pathogen causing onion sour skin (1). The 

Burkholderia genus encompasses >120 bacterial species 
that are typically reported to inhabit soil and water en-
vironments (2). The Burkholderia species that are most 
frequently reported to cause infection in humans are 
B. cenocepacia, B. mallei, and B. pseudomallei. However, 
severe infections have been also caused by other spe-
cies (3,4). We report a rare case of B. semiarida human 
infection: recurrent pneumonia in an immunocompe-
tent patient. Ethics approval for this study, including 
the waiver of informed consent of the clinical strains 
and samples, was approved by the Ethics Committee 
of the First Affiliated Hospital of Hainan Medical Uni-
versity under approval no. 2023-KYL-219.

The Study
A 56-year-old woman was admitted to The First Af-
filiated Hospital of Hainan Medical University (Haik-
ou, China) on February 23, 2022. She reported a 3-year 
history of recurrent cough, copious sputum produc-
tion, and chest pain, which had worsened over the 
previous 5 days. 

On August 18, 2020, the woman had been admit-
ted to Hainan Traditional Chinese Medicine Hospital 

for a cough without obvious cause that was accom-
panied by white sticky sputum and right-sided chest 
pain that was aggravated by coughing. She did not 
have fever or hemoptysis. A computed tomography 
(CT) scan of the chest showed infiltrative lesions in 
the right lung (Figure, panel A). Initial laboratory 
workup revealed leukocyte count of 11.1 × 109/L with 
8.11 × 109/L neutrophils. Symptoms resolved sub-
stantially after 10 days of treatment with ceftriaxone/
tazobactam and levofloxacin.

The patient was readmitted to the hospital on No-
vember 3, 2020, with a recurrence of the symptoms 
previously described. Chest CT scans showed infiltra-
tive lesions in both lungs and new lesions in the left 
upper and lower lobes. Results of routine blood tests 
were within normal limits, albeit with a slightly el-
evated hypersensitive C-reactive protein (6.64 mg/L) 
and erythrocyte sedimentation rate (29 mm/h). 
Metagenomic next-generation sequencing (mNGS) 
analysis of bronchoalveolar lavage fluid (BALF) sug-
gested that the infection could have resulted from B. 
cepacia. The patient received a 10-day intravenous 
meropenem treatment, followed by 8 weeks of trim-
ethoprim/sulfamethoxazole. A subsequent chest CT 
showed mild bronchiectasis in the right middle lobe 
and lower lingula segment of the left upper lobe, in 
addition to multiple lesions. B. cenocepacia infection 
was suspected, according to mNGS retesting on Janu-
ary 27, 2021. Thus, the ongoing trimethoprim/sulfa-
methoxazole treatment was extended to 24 weeks. CT 
chest scans on June 7, 2021, showed multiple lesions 
in both lungs that were substantially resorbed, where-
as new lesions emerged in right middle lobes (Figure, 
panel B). Treatment was then changed to minocycline 
for another 4 weeks. The patient returned to the hos-
pital on July 20, 2021, because of recurrent right-sided 
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Burkholderia semiarida was previously identified solely as 
a plant pathogen within the Burkholderia cepacia complex. 
We present a case in China involving recurrent pneumonia 
attributed to B. semiarida infection. Of note, the infection 
manifested in an immunocompetent patient with no associ-
ated primary diseases and endured for >3 years.
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chest pain. Chest CT showed more serious lesions in 
both lungs, and BALF culture suggested B. cenocepa-
cia infection. The isolates were sensitive to ceftazi-
dime, meropenem, trimethoprim/sulfamethoxazole, 
minocycline, and levofloxacin. Treatment was then 
adjusted to intravenous meropenem and 20 weeks of 
amoxicillin/clavulanate potassium.

On February 20, 2022, the previous symptoms re-
curred, accompanied by hemoptysis. Chest CT scan 
revealed multiple infiltrative lesions, predominantly 
in the right lung (Figure, panel C). The patient’s per-
sonal and family medical history were unremarkable. 
Physical examination showed normal temperature, 
coarse breath sounds, moist rales, and no enlarge-
ment of superficial lymph nodes, lower extrem-
ity swelling, or heart and abdominal abnormalities. 
Results of tests of complete blood count, C-reactive 
protein, procalcitonin, and liver and kidney function 
were within reference ranges. Tests for tumor mark-
ers and extractable nuclear antigen were negative. 
Peripheral blood T lymphocyte subsets, natural killer 
cells, B lymphocytes, serum immunoglobulins, and 

complement levels were all within reference ranges. 
Gram staining demonstrated the agents as gram-neg-
ative rods or cocci. Tests for mycobacteria and fungi 
were negative.

After a week of intravenous imipenem/cilas-
tatin treatment, the patient was discharged with im-
proved symptoms. Outpatient therapy included oral 
nemonoxacin and amoxicillin/clavulanate, along 
with acetylcysteine and subcutaneous thymopen-
tin. A follow-up chest CT in May 2022 revealed mild 
bronchiectasis and multiple lesions in both lungs, in-
cluding increased exudative lesions in the right up-
per lung (Figure, panel D). Subsequently, the therapy 
was adjusted to moxifloxacin and doxycycline. Chest 
CT scan in August indicated better absorption of 
right lung lesions but new infections in the left lung 
(Figure, panel E). The therapy was then adjusted to 
oral ciprofloxacin with doxycycline. The mNGS con-
ducted in October indicated the possibility of B. an-
thina infection. Chest CT scan in March 2023 showed 
improved left lung lesions but new infection foci in 
the right lung (Figure, panel F). At the time of this  

Figure. Computed tomography 
scans of the chest at 
different stages of disease in 
immunocompetent patient with 
recurrent pulmonary infection 
caused by Burkholderia 
semiarida, China. A) Infiltrative 
lesions in the right lung in 
August 2020; B) multiple 
infiltrative lesions in both 
lungs substantially resorbed 
in June 2021; C) multiple 
infiltrative lesions of both lungs, 
predominantly in the right 
lung, in February 2022; D) 
bronchiectasis with scattered 
multiple lesions in both lungs 
and increased exudative lesions 
in the right upper lung in May 
2022; E) lesions in the right 
lung more resorbed than before 
and multiple emerging lesions 
in the left lung in August 2022; 
F) lesions in the left lung more 
absorbed than before, with 
multiple emerging foci in the right 
lung in March 2023.
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article, the patient was still receiving conservative 
outpatient treatment. 

BALF samples were sent to Hainan Medical Uni-
versity for bacterial isolation and characterization. 
The suspected bacteria showed typical morphologic 
characteristics of B. cepacia complex species (Ap-
pendix Figure 1, https://wwwnc.cdc.gov/EID/
article/30/6/23-1676-App1.pdf). Susceptibility tests 
showed sensitivity to ceftazidime, meropenem, and 
trimethoprim/sulfamethoxazole, intermediate re-
sistance to minocycline, and resistance to levofloxa-
cin. Whole-genome sequencing indicated 3 circular 
chromosomes and 1 plasmid with guanine-cytosine 
content of 66.89% (National Center for Biotechnology 
Information Bioproject accession no. PRJNA1028481). 
The values of digital DNA-DNA hybridization (5) 
and average nucleotide identity (6) were used to 
compare the representative genomes of Burkholderia 
genus in the National Center for Biotechnology Infor-
mation Reference Sequence database. Pairwise com-
parison showed that digital DNA-DNA hybridiza-
tion and average nucleotide identity values between 
our strain with representative genome of B. semiarida 
CCRMBC171 (accession no. GCF_029268915.1) were 
88.8% and 98.6%, which are above the threshold of 
70% and 95%–96% used for bacterial species delinea-
tion (6,7) (Appendix Figure 2). Thus, although mis-
identification can occur using mNGS to distinguish 
B. semiarida from other Burkholderia species, we can 
conclude that the recurrent pulmonary infection was 
caused by B. semiarida.

Conclusions
We present a rare case of pulmonary infection caused 
by B. semiarida in a 56-year-old immunocompetent 
woman. The early clinical manifestations were cough, 
sputum production, and chest pain. Hemoptysis and 
moist crackles in the lungs emerged late in the course 
of disease. The inflammatory markers and immune 
indicators suggest the patient had normal immune 
function. Chest CT scans indicated inflammation al-
ternated in both lungs for >3 years. Mild local bron-
chiectasis occurred repeatedly at multiple sites on 
both sides. Persistent infections usually result in high 
levels of illness and death (8). Thus, a long period 
of follow-up after hospitalization should be used to 
assess the outcome of therapy in infections caused  
by B. semiarida.

The choice of antimicrobial therapy is usually 
made on the basis of in vitro susceptibility. In our 
case, the infection failed to respond to prolonged 
antibiotic therapy using common medications de-
spite apparent drug susceptibility. Of note, the strain  

exhibited a decreasing susceptibility to minocycline 
and levofloxacin as the disease endured and pro-
gressed. This observation suggests that the frequency 
of antibiotic use might drive rapid evolutionary ad-
aptation of resistance as previously described (9,10). 
This case report highlights that patients who have 
persistent respiratory symptoms who do not respond 
to initial treatment might be candidates for closer as-
sessment for Burkholderia infection.

In summary, we present the clinical features of 
a patient with B. semiarida infection. Key aspects of 
this case were the occurrence of infection in an im-
munocompetent patient with no related primary 
diseases, that inflammation alternated in both lungs 
and persisted for >3 years, and that the infection did 
not appear to respond to in vitro active antimicrobial 
medications. Our case report alerts B. semiarida as a 
stubborn pathogen in persistent pulmonary infection 
and highlights the importance of extended follow-up 
care to assess the outcome of antimicrobial therapy in 
Burkholderia infections.
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Heartland virus is an emerging infectious disease that is not 
well understood. A report of a human case and exposure of 

white-tailed deer to Heartland virus in Georgia prompted the 
sampling of questing ticks during 2018–2019. With the  

confirmation that Heartland virus is actively circulating in  
locally infected ticks in Georgia, clinicians should be alerted  

to the presence of this emerging tickborne virus. 

In this EID podcast, Dr. Gonzalo Vazquez-Prokopec, an  
associate professor of environmental sciences at  

Emory University in Atlanta, discusses the presence  
of Heartland virus in lone star ticks in Georgia.
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COVID-19 caused by SARS-CoV-2 is an emerging 
respiratory disease that likely originated from 

wildlife in late 2019 (1). Although the main driver of 
SARS-CoV-2 spread is human-to-human transmis-
sion, several wild and domestic mammals are suscep-
tible to SARS-CoV-2 infection; natural infections have 
been reported in 29 nonhuman animal species (2).

Nonhuman primates (NHPs) are among the most 
susceptible taxonomic groups to SARS-CoV-2 infection 
(3) and are suitable animal models to evaluate SARS-
CoV-2 pathogenesis (4). Natural infections with clini-
cal outcomes have been reported in both captive and 
free-living NHPs worldwide (2,5–8). Because active 
surveillance of SARS-CoV-2 has not been conducted 
in NHPs, we assessed SARS-CoV-2 circulation among 
NHPs housed in zoos and rescue centers in Spain, 
where NHPs can be found in proximity to humans.

The Study
During January 2020–March 2023, we collected se-
rum samples from 127 different NHPs belonging to 
30 species housed in 17 zoos and NHP rescue centers 
in Spain. The number of sampled animals represent-
ed ≈40% of the total census of those species in the se-
lected zoos and rescue centers. We collected 16 serum 
samples in 2020, 76 in 2021, 28 in 2022, and 7 in 2023 
(Table; Figure 1). In addition, we collected 186 fresh 
fecal samples during February–May 2022 within the 
same zoos and NHPs rescue centers, which com-
prised 39 samples collected from animals housed in 
individual facilities and 147 pooled samples from the 
floors of facilities with >1 animal (1 pool per facility 
and species) belonging to 64 different NHP species 
(Appendix Table, https://wwwnc.cdc.gov/EID/
article/30/6/23-1247-App1.pdf). The study did not 
require additional blood extractions because we ob-
tained all serum samples from serum banks or from 
NHPs that had medical check-ups or surgical inter-
ventions during the study period.

We tested all serum samples for antibodies 
against SARS-CoV-2 nucleocapsid (N) and spike (S) 
proteins by using 2 commercial multispecies ELISAs 
(ID Screen SARS-CoV-2 Double Antigen and Neu-
traLISA SARS-CoV-2; Euroimmun, https://www.
euroimmun.com) according to the manufacturer’s 
instructions. We analyzed ELISA-positive serum 
samples further by using a virus neutralization test 
(VNT) as previously described (9). In brief, we pre-
incubated 100 SARS-CoV-2 (B.1 lineage) 50% tissue 
culture infectious doses with 2-fold serial dilutions 
(1:20 to 1:10,240) of heat-inactivated serum samples 
in Nunc 96-well cell culture plates (Thermo Fisher 
Scientific, https://www.thermofisher.com) for 30 
minutes at 37°C. Then, we added the virus-serum 
mixtures onto Vero cells (ATCC, https://www.atcc.
org) and read results after 72 hours by using the Cell 
Titer Glo kit (Promega, https://www.promega.com). 
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We conducted a serologic and molecular study to as-
sess exposure of captive nonhuman primates (NHPs) to 
SARS-CoV-2 in Spain during the 2020–2023 COVID-19 
pandemic. We found limited exposure of NHPs to SARS-
CoV-2. Biosafety measures must be strictly maintained 
to avoid SARS-CoV-2 reverse-zoonotic transmission in 
the human–NHP interface.
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We normalized values and calculated VNT50 (the re-
ciprocal dilution inhibiting 50% of Vero cell infection) 
by plotting and fitting the log of serum dilution ver-
sus normalized response in Prism 8.4.3 (Graphpad, 
https://www.graphpad.com). We performed VNTs 
in duplicate for each sample.

We tested fecal samples for SARS-CoV-2 RNA 
by using quantitative reverse transcription PCR. We 
extracted RNA from feces by using the IndiSpin QIA-
cube HT Pathogen Kit (Indical Biosciences, https://
www.indical.com) according to the manufacturer’s 

instructions. We detected SARS-CoV-2 RNA by using 
a previously published method (10) that had minor 
modifications adapting it to the Applied Biosystems 
AgPath-ID One-Step RT-PCR Kit (Thermo Fisher Sci-
entific). We performed PCR amplification by using an 
Applied Biosystems 7500 Fast Real-Time PCR System 
(Thermo Fisher Scientific) and considered samples 
with a cycle threshold value of <40 to be positive for 
SARS-CoV-2 RNA.

We confirmed SARS-CoV-2 antibodies in 2/127 
(1.6% [95% CI 0.0%–3.7%]) tested animals by both 

 
Table. Distribution of serum samples in study of SARS-CoV-2 in captive nonhuman primates in Spain, 2020–2023* 

NHP family and species 
No. 

positive/total† 
Zoos and rescue centers‡  

A B C D E F G H I J K L M N O P Q 
Callitrichidae 
 Callithrix geoffroyi 0/1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
 Callithrix jacchus 0/3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 
 Leonthopithecus rosalia 0/1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
 Mico argentatus 0/2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 
 Saguinus oedipus 0/2 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 
Subtotal 0/9 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 7 
Cebidae 
 Sapajus apella 0/1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
Subtotal 0/1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
Cercopithecidae 
 Cercocebus atys 
 lunulatus 

0/6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 2 0 

 Cercopithecus mitis 0/1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
 Cercopithecus neglectus 0/3 0 0 0 0 0 0 0 0 0 0 0 2 0 0 1 0 0 
 Colobus guereza 0/1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
 Lophocebus aterrimus 0/1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
 Macaca sylvanus 0/11 0 0 0 0 3 0 0 0 0 0 0 0 0 5 3 0 0 
 Macaca tonkeana 0/1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
 Mandrillus leucophaeus 0/1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
 Mandrillus sphinx 0/1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
 Miopithecus ogouensis 0/2 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 
 Papio cynocephalus 0/1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
Subtotal 0/29 0 0 0 2 5 0 0 1 0 0 1 2 2 6 8 2 0 
Hominidae 
 Gorilla gorilla gorilla 2/3 0 0 1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 
 Pan troglodytes 0/4 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 
 Pan troglodytes ellioti 0/1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
 Pan troglodytes 
 troglodytes 

0/3 0 0 0 1 0 0 2 0 0 0 0 0 0 0 0 0 0 

 Pan troglodytes verus 0/1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
 Pan troglodytes 
 verus/troglodytes 

0/4 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 

 Pongo pygmaeus 0/6 0 0 0 1 1 0 0 0 0 0 2 0 2 0 0 0 0 
Subtotal 2/22 0 0 1 4 1 0 8 0 0 0 6 0 2 0 0 0 0 
Hylobatidae 
 Hylobates lar 0/3 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 0 
 Hylobates syndactylus 0/1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
Subtotal 0/4 0 0 0 1 0 0 0 0 0 2 0 0 0 1 0 0 0 
Lemuridae 
 Eulemur macaco 0/3 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 
 Lemur catta 0/38 0 0 0 0 6 2 0 0 17 0 4 0 5 0 0 4 0 
 Varecia rubra 0/1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
 Varecia variegata 0/20 0 0 0 0 0 0 0 0 17 0 0 0 2 0 0 0 1 
Subtotal 0/62 0 0 0 0 6 2 0 0 34 0 4 0 11 0 0 4 1 
Grand total 2/127 0 0 1 7 13 2 8 1 34 4 11 2 15 7 8 6 8 
*Sampling was conducted during January 2020–March 2023. Numbers indicate the number of NHP species tested for SARS-Co-V-2 at each zoo or 
rescue center. Bold number indicates the 2 SARS-CoV-2–seropositive gorillas identified at zoo D. NHP, nonhuman primate. 
†Number of SARS-CoV-2–seropositive animals per the total number of animals tested at each zoo or rescue center. 
‡Serum samples were obtained from zoos or rescue centers represented by letters A–Q. Locations of the zoos and rescue centers are shown in Figure 1. 
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ELISA and VNT. The seropositive animals were 2 
western lowland gorillas (Gorilla gorilla gorilla) desig-
nated as G1 and G2. VNT50 titers were 1:131.4 for G1 
and 1:191.9 for G2 serum samples (Figure 2).

G1 and G2 were adult female gorillas sampled 
at zoo D within the same enclosure (Table; Figure 1). 
G1 arrived at zoo D from a UK zoo on March 4, 2020, 
after a favorable medical evaluation. During April 
7–10, zookeepers reported that G1 was exhibiting a 
dry cough. A serum sample was collected from G1 
on April 24, 2020, during a clinical intervention after 
an aggression was suffered by another gorilla from 
the same group. Previous studies of NHPs experi-
mentally infected with SARS-CoV-2 reported clini-
cal signs within the first week after infection (4,11). 
Therefore, the exposure of G1 to SARS-CoV-2 most 
likely occurred during the first wave of the CO-
VID-19 pandemic in Spain (February–June 2020), 
when the zoo was closed to the public because of 
lockdown efforts to curb coronavirus cases. G2 was 

sampled on November 4, 2022, and did not show 
previous clinical signs compatible with SARS-CoV-2 
infection. The 4 group members that shared the same 
facilities with the 2 seropositive gorillas could not be 
sampled, but they did not show any indications of 
disease at that time.

Previous cases of natural SARS-CoV-2 infections 
have been described in gorillas; the animals experi-
enced asymptomatic or mild illness, involving cough-
ing, congestion, nasal discharge, loss of appetite, and 
tiredness that did not require medical interventions 
and resolved within a few days (5,6,8,12). In those 
previous cases, intraspecific transmission among ani-
mals from the same facilities was suggested.

Despite the rigorous biosafety protocols used 
when working with NHPs (e.g., using disinfection 
mats, masks, gloves, and hand disinfectants and 
changing overalls), the zoo staff was the most plau-
sible source of transmission to the gorilla troop, 
which has been suggested for previous outbreaks 

Figure 1. Geographic distribution of captive NHPs sampled in study of SARS-CoV-2 in Spain, 2020–2023. Serum and fecal samples 
were collected from different NHP species at 17 zoos and NHPs rescue centers (letters A–Q) in Spain during January 2020–March 
2023. Inset indicates the specimens collected in the Canary Islands, Spain. Animal images indicate the families of NHPs examined. Blue 
image indicates the 2 gorillas that were SARS-CoV-2 seropositive. Circles show the total numbers of serum or fecal samples analyzed 
at each zoo or rescue center. Arrows indicate which NHP families underwent serum or fecal sample testing for SARS-CoV-2. NHP, 
nonhuman primate.
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reported in zoos (6,8). Nevertheless, exposure of G1 
to SARS-CoV-2 at the zoo of origin or during trans-
port, as well as intraspecific transmission, cannot 
be ruled out.

Fecal shedding of SARS-CoV-2 peaks during 
the symptomatic period and can persist 1–35 days 
after onset of clinical signs in humans (13,14). Simi-
larly, a study of rhesus macaques (Macaca mulatta) 
experimentally infected with SARS-CoV-2 reported 
that rectal swab samples tested positive for RNA up 
to 27 days after infection (15). In our study, SARS-
CoV-2 RNA was not detected in any of the 186 fecal 
samples tested (Appendix Table), including those 
obtained at the facility housing G1 and G2. Con-
sidering the time of fecal sampling and the virus 
excretion period in primate species (≈1 month), 
our findings indicate an absence of virus circula-
tion during this temporal window. Discrepancies 
between serologic and molecular results in the 2 
seropositive gorillas could be explained by differ-
ences in antibody persistence, which ranged from 3 
to >9 months in experimentally immunized NHPs 
(Appendix references 16,17), and by differences in 
virus RNA excretion in feces, as well as sampling 
times (April 2020 and November 2022 for serum 
samples and February 2022 for fecal samples).

The first limitation of this study is that the spatial 
distribution of sampling was not homogeneous. Ap-
proximately 60% of the tested serum samples were 
from 4 of the sampled centers. Second, serum samples 
could not be longitudinally analyzed. Because anti-
bodies decay over time (Appendix references 16,17), 

SARS-CoV-2 exposure before the sampling period 
cannot be ruled out. Further longitudinal studies 
would be of great interest to better understand the 
temporal dynamics of SARS-CoV-2 in NHPs.

Conclusions
Our findings indicate a limited SARS-CoV-2 exposure 
in captive NHPs populations in zoos and NHPs rescue 
centers in Spain during the 2020–2023 COVID-19 pan-
demic period. G1 only exhibited mild symptoms, and 
G2 exhibited no symptoms, highlighting the impor-
tance of conducting active screening and surveillance 
testing to reduce the potential emergence of unidenti-
fied reservoirs and virus evolution. Considering the 
potential health risk and threat to the conservation of 
NHP species, the possibility of the emergence of new 
reservoirs, and the opportunities for virus evolution, 
vaccination of captive animals and the proper use of 
biosafety measures and personal protective equip-
ment are critical to prevent future reverse-zoonotic 
transmission of SARS-CoV-2. 
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For many people, the prolonged period of 
social distancing during the coronavirus dis-
ease pandemic felt frightening, uncanny,  
or surreal.
For Ron Louie, the sensation was reminis-
cent of a moth taking refuge in its cocoon, 
slumbering in isolation as he waited for bet-
ter days ahead.
In this EID podcast, Dr. Ron Louie, a clinical 
professor in Pediatrics Hematology-Oncolo-
gy at the University of Washington in Seat-
tle, reads and discusses his poem about the 
early days of the pandemic.
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The zoonotic hookworm Ancylostoma ceylanicum 
infects canids, felids, and humans in tropical re-

gions of the world (1,2). Heavy infections may cause 
iron-deficiency anemia and bloody diarrhea as a re-
sult of ≈0.03 mL/worm/day blood loss caused by 
repeated blood meals taken from the intestines of in-
fected persons by the parasites (2,3). Across the Asia-
Pacific region, domestic and wild animals and hu-
mans, especially children and women of childbearing 
age, are at high risk for illness from infection with the 
parasite (2). The pooled proportion of A. ceylanicum 
hookworm–infected persons within the Asia Pacific is 
12%, making it the second most common hookworm 
infecting humans in that region (4). However, the 
extent of its geographic distribution in the Americas 
and the range of animals this hookworm can infect 
are unknown.  

In studies dating to 1922, adult hookworms, lat-
er identified as A. ceylanicum, were recovered from 
human cadavers from Brazil and, in 1976, from ani-
mals necropsied in Suriname, suggesting that the 
parasite might have been present in the Americas 

more than a century ago (2). However, except for 
those cases, research on A. ceylanicum hookworms 
in the Americas has remained neglected for a long 
time; that prolonged absence in research might be 
attributable to use of traditional microscopy tech-
niques for hookworm diagnosis in the region (2). 
Those techniques are unable to differentiate hook-
worms at the species level, thereby limiting more 
detailed information on their distribution. More 
recently, applying molecular techniques has in-
creased identification of regions endemic for A. 
ceylanicum hookworms (2). For example, in 1 recent 
study, samples from patients in Ecuador initially 
screened for hookworms in 2000 were reexamined, 
and A. ceylanicum hookworms were molecularly 
identified (5). In addition, A. ceylanicum hookworms 
have been reported in France in a migrant from Co-
lombia and a traveler returning from French Gui-
ana (6); in Germany, the parasite was reported in a 
child from Colombia (7). Furthermore, in 2022, en-
demicity of A. ceylanicum hookworms was molecu-
larly confirmed in dogs in Grenada, West Indies (8). 
Despite the discovery of A. ceylanicum hookworms 
in wildlife elsewhere, initially in a civet cat native 
to Sri Lanka and subsequently in Asia in golden 
cats and leopards and in dingoes in Australia (9), 
no studies have reported infections in wildlife in 
the Americas. 

The Study
This project was approved by the National Sys-
tem of Conserved Areas of Costa Rica (R-SINAC-
ACG-003-2021). Costa Rica is in Central America 
within the equatorial tropical region. Among its 
5 million residents, 766,000 are school-age chil-
dren. Coyotes (Canis latrans) live around national 
parks and are widely distributed across the plains,  
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Ancylostoma ceylanicum is the second most common 
hookworm infecting humans in the Asia-Pacific region. 
Recent reports suggest presence of the parasite in the 
Americas. We report A. ceylanicum infections in coy-
otes from the Guanacaste Conservation Area, Costa 
Rica. Our findings call for active surveillance in humans 
and animals.



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 6, June 2024 1259

mountains, forests, and tropics. To investigate the 
prevalence of hookworm and threadworm infec-
tions among coyotes, during May–October 2021, 
we collected and tested coyote scat from the Cen-
tral Conservation Area in central and the Guana-
caste Conservation Area in northwestern Costa 
Rica (10). To confirm coyotes were the origin of 
the collected fecal samples, we cross-referenced 
data from a separate study conducted on the same 
samples that employed restriction fragment-length 
polymorphism–based methods and metabar-
coding analyses of the vertebrate 12S ribosomal  
RNA gene (11).  

We extracted genomic DNA from fecal samples 
(n = 111) using the QIAamp PowerFecal Pro DNA Kit 
(QIAGEN, https://www.qiagen.com) according to 
manufacturer instructions and added an extra initial 
bead-beating step. We performed 2 TaqMan (Thermo 
Fisher Scientific; https://www.thermofisher.com) 
probe–based real-time quantitative PCRs in duplicate 
to detect all present canine hookworm species (A. 

ceylanicum, A. caninum, A. braziliense, and Uncinaria 
stenocephala) and Strongyloides spp. threadworms, as 
described elsewhere (10,12). We subjected samples 
positive for A. ceylanicum to molecular character-
ization of a partial region of the cox1 gene (13). We 
downloaded nucleotide cox1 sequences from dogs, 
humans, and cats from GenBank to assess the phy-
logenetic relationship among Ancylostoma spp. para-
sites and hosts.

We used MEGA11 (https://www.megasoft-
ware.net) for aligning sequences and determining 
the best-fit substitution model. We conducted phy-
logenetic analyses using MrBayes version 3.2.7a 
(https://nbisweden.github.io/MrBayes/down-
load.html) for Bayesian and RAxML version 8.2.12 
(https://github.com/stamatak/standard-RAxML) 
for maximum-likelihood inference. We annotated 
the resulting phylogenic tree using TreeViewer ver-
sion 1.17.6 (https://treeviewer.org) and constructed 
a haplotype network using PopArt (https://github.
com/jessicawleigh/popart). 

Figure 1. Phylogeny of Ancylostoma ceylanicum hookworms from coyotes in from Guanacaste Conservation Area, Costa Rica, 
2021, and reference sequences. Gene tree shows a partial region of the mitochondrial cox1 gene for the hookworms A. caninum, 
A. ceylanicum, and Uncinaria stenocephala. Phylogenetic analyses were conducted using Bayesian inference in MrBayes v3.2.7a, 
employing the Hasegawa-Kishino-Yano substitution model with 4 gamma-distributed categories. Four independent Markov chains ran 
for 1,000,000 Markov chain Monte Carlo generations, with tree sampling occurring every 200 generations. The initial 25% of generated 
trees was considered burn-in, while the remaining trees were used to derive consensus trees. The analysis proceeded until the 
potential scale reduction factor approached 1, and the average SD of split frequencies was <0.01. For maximum-likelihood analysis, 
we used the rapid bootstrapping option with 10,000 iterations based on the Akaike information criterion. To root the tree, we included 
the human hookworm Necator americanus (GenBank NC_003416). Circles on nodes indicate BPP and ML BS percentages. Taxon 
names are annotated with GenBank accession numbers, host, and country of origin. Scale bar indicates the mean number of nucleotide 
substitutions per site. BPP, Bayesian posterior probability; ML BS, maximum-likelihood bootstrap support. 

A. ceylanicum Infection in Coyotes, Costa Rica
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Of the 111 samples collected, 103 had sufficient 
feces for successfully extracting DNA, determined 
by amplifying a housekeeping gene of canids as 
DNA extraction control. Of those 103 samples, 59 
(57.3%, 95% CI 46.6%–62.2%) harbored >1 zoonotic 
hookworms; A. caninum accounted for most infec-
tions (53.4%; 95% CI 43.3%–63.3%), followed by 
U. stenocephala (4.7%, 95% CI 1.5%–10.7%), and A. 
ceylanicum (2.8%, 95% CI 0.56%–8.05%). Strongyloi-
des spp. threadworms were found in 3.8% (95% CI 
1.04%–9.3%) of coyotes. 

We obtained a 289-bp amplicon showing 99.6%–
100% nucleotide identity with A. ceylanicum se-
quences from 2 positive A. ceylanicum samples (Gen-
Bank accession numbers OR801542 and OR801543). 
We determined phylogeny from 40 sequences that 

included A. ceylanicum sequences from dogs, cats, 
and humans, and U. stenocephala and A. caninum se-
quences from dogs. Phylogenetic analyses enabled 
separation of A. ceylanicum nucleotide sequences 
from coyote samples from Costa Rica from A. cani-
num and U. stenocephala sequences (Figure 1). Upon 
examining the median joining network of global 
A. ceylanicum sequences, we identified 5 distinct 
clusters, 4 of which were shared between domestic 
animals and humans and only 1 with dogs. We ob-
served no clear population structure among coun-
tries represented by an admixture of haplotypes. A. 
ceylanicum haplotype from coyotes was unique but 
separated by only a few mutational steps from those 
from dogs and humans, and from zoonotic clusters 
(Figure 2). 

Figure 2. Median joining haplotype network showing global Ancylostoma ceylanicum sequences for cats, humans, and dogs and coyotes 
from Guanacaste Conservation Area, Costa Rica, 2021 (dashed box). Each circle represents a haplotype; circle size is proportional to the 
number of animals and persons with that haplotype, with the proportion found in each country indicated by color. A hatch mark across a line 
represents a mutation step between haplotypes. The legend illustrates color-coded haplotypes corresponding to each country. In addition, 
icons representing humans, dogs, cats, and coyotes are juxtaposed with each haplotype cluster to indicate host origins.
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Conclusions
We report zoonotic hookworm infections in coyotes 
from Costa Rica. Our data provide further evidence 
of the endemicity and local transmission of A. ceyl-
anicum hookworm in the Americas and show that 
coyotes might play a role in transmitting this parasite 
to other animals. Even though coyotes are widely dis-
tributed across North and Central America and are 
established reservoirs of other zoonotic hookworms, 
such as A. caninum and U. stenocephala (14), their role 
as hosts of A. ceylanicum hookworm remains unex-
plored. Furthermore, detection of A. ceylanicum hook-
worms in wildlife poses questions about the para-
site’s possible role as a disease agent in endangered 
animals, such as jaguars, giant anteaters, and Baird’s 
tapir, that live in sympatry in the Guanacaste Conser-
vation Area (15). 

Costa Rica has effectively controlled soil-trans-
mitted helminths in humans, and residents no lon-
ger require preventive chemotherapy. However, the 
Pan American Health Organization still recommends 
continuous monitoring and evaluation to maintain 
control of soil-transmitted helminths (15). Although 
eliminating the need for preventive chemotherapy 
constituted a great milestone, doing so leaves un-
treated persons vulnerable to infection with zoonotic 
helminths, including A. ceylanicum. We therefore 
advocate for increased surveillance of A. ceylanicum 
hookworm in domestic animals, wildlife, and hu-
mans in the Americas to monitor and prevent trans-
mission of zoonotic hookworms. Expanded surveil-
lance is crucial considering active transmission of A. 
ceylanicum hookworm in humans has been reported 
in Ecuador, another country listed by the Pan Ameri-
can Health Organization as no longer requiring pre-
ventive chemotherapy (5,15). In-depth population 
genetics studies are needed to assess whether increas-
es in the reports of A. ceylanicum hookworms in the 
Americas are attributable to recent human and ani-
mal migration from areas where the parasite is highly 
endemic. More robust epidemiologic data on A. cey-
lanicum infection in domestic animals and humans 
would help public health agencies assess the extent of 
local transmission in Costa Rica and other regions of 
the Americas and the role of animals in transmitting 
the parasite to humans. 
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Microsporidia are obligate intracellular parasites 
of invertebrate and vertebrate hosts and are 

considered to be a sister group to fungi (1). Of the 
1,300 species in >200 genera that have been described 
(2), Encephalitozoon cuniculi, especially genotypes I 
and II, is the most common in humans (3,4).

Although the digestive tract represents a port of 
entry, Encephalitozoon infections can occur in almost 
every organ system and can cause various diseases 
(4). Encephalitozoonosis is a serious problem in im-
munodeficient hosts, including HIV-positive patients 
and patients on immunosuppressive treatments. In 
immunocompetent persons, microsporidial infections 
are predominantly chronic and asymptomatic (5).

Recent studies have described engagement of 
macrophages, or other immune cells involved in the 
development of inflammation, serving as vehicles 
and transporting microsporidia toward target tissues 

outside the intestines (6,7). Microsporidia are often 
overlooked in clinical samples because diagnosis is 
problematic, but hidden infections can cause tremen-
dous multisystem damage and various nonspecific 
pathologies, and few effective treatments are avail-
able (8). We evaluated the incidence of generally 
neglected Encephalitozoon spp. in immunocompetent 
patients by retrospectively analyzing previously col-
lected cerebrospinal fluid (CSF) samples. 

The Study
Bulovka Hospital, Prague, Czech Republic, provided 
211 CSF samples that had been deep frozen at −80°C. 
CSF samples were collected from immunocompetent 
patients; the only other patient data reported were the 
year of birth and sex. We obtained total DNA from 
sediments obtained from thawed CSF together with 
extraction negative control in each series, as previously 
described (6). We used the same methods to isolate con-
trol DNA from purified E. intestinalis spores. The study 
was conducted beyond the routine screening of existing 
unused specimens and focused on potential detection 
of microsporidia in CSF recovered from immunocom-
petent patients hospitalized at 1 hospital. Because the 
study was performed using anonymized samples with 
no intervention tract, patient consent was not required.

We used an Encephalitozoon spp.–specific nested 
PCR to amplify the internal transcribed spacer region 
(9,10). We included DNA of E. intestinalis microspo-
ridia as a PCR-positive control and ultrapure water 
as a negative control and evaluated PCR products by 
gel electrophoresis.

We quantified DNA from PCR-positive samples 
by using reverse transcription PCR to amplify a 268-
bp region of the 16S rRNA gene of E. cuniculi (10). 
Each run included unspiked specimens and diluent 
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We retrospectively analyzed of 211 frozen cerebrospi-
nal fluid samples from immunocompetent persons in 
the Czech Republic and detected 6 Encephalitozoon 
cuniculi–positive samples. Microsporidiosis is generally 
underestimated and patients are not usually tested for 
microsporidia, but latent infection in immunodeficient 
and immunocompetent patients can cause serious com-
plications if not detected and treated.
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blanks. We considered results positive when the fluo-
rescence signal crossed the baseline at <43 cycles. We 
used a standard curve to calculate the total number of 
spores in 1 mL of each sample.

 We used the QIAquick Gel Extraction Kit  
(QIAGEN, https://www.qiagen.com) to purify PCR 
amplicons of the internal transcribed spacer region 
and submitted amplicons to SEQme (https://www.
seqme.eu) for sequencing in both directions. We 
manually edited nucleotide sequences by using the 
ChromasPro 2.1.4 program (Technelysium, https://
technelysium.com.au) and used MAFFT version 7 
(http://mafft.cbrc.jp) to align sequences with refer-
ence GenBank submissions. We also microscopically 
examined PCR-positive samples. We air dried a drop 
of CSF, fixed it with methanol, and stained with stan-
dard Calcofluor M2R (Sigma-Aldrich, https://www.
sigmaaldrich.com) (11).

Of 211 CSF samples examined, 115 were from 
male patients and 96 from female patients. The  

median patient age was 34.0 (range 2–81) years (Ta-
ble). Among all samples, 6 were positive for micro-
sporidia DNA, 0.9% (1/115) of samples from male 
and 5.2% (5/96) of samples from female patients. The 
age of positive patients ranged from 13 to 75 years 
(median 45.5 years). The spore concentration in sam-
ples was 30–500 spores/mL. 

Sequence analyses revealed 100% identity to 
E. cuniculi genotype II (GenBank accession no. 
MF062430) in all positive samples (Table; Figure 
1). Microscopic analysis of Calcofluor M2R–stained 
smears confirmed the presence of spores (1–2 spores 
per slide) in samples obtained from 2 patients, nos. 
139 and 185, who had the highest Encephalitozoon 
DNA burden (Figure 2). The other 4 patients were 
microscopically negative.

Conclusions
Although microsporidiosis is mainly detected in 
immunodeficient patients, data from the literature  

 
Table. Characteristics of patients in a study of Encephalitozoon cuniculi in cerebrospinal fluid from immunocompetent patients, Czech 
Republic 

Sex 
Total no. 
sampled 

Median age 
(range) 

E. cuniculi–positive patients 
 

Sample testing results 
Patient no. Age, y Nested PCR genotype RT-PCR quantification/mL (Ct) 

M 115 34.0 (4–81) 56 63  E. cuniculi II 3.0 × 101 (39) 
F 96 33.5 (2–80) 54 13  E. cuniculi II 5.7 × 101 (38) 
   139 45  E. cuniculi II 1.1 × 102 (36) 
   185 48  E. cuniculi II 5.1 × 102 (35) 
   194 75  E. cuniculi II 3.0 × 101 (38) 
   197 32  E. cuniculi II 1.0 × 101 (39) 
Total 211 34.0 (2–81)      

 

Figure 1. Phylogenetic 
analysis of Encephalitozoon 
cuniculi genotypes recovered 
from cerebrospinal fluid of 
immunocompetent patients, Czech 
Republic. Bold indicates sequences 
obtained in this study, identified 
by patient number. Sequences for 
comparisons were obtained from 
GenBank; accession numbers are 
in brackets. Tree was constructed 
by using the maximum-likelihood 
method. Partial sequences of 16S 
rRNA gene, the entire internal 
transcribed spacer region, and 
a partial sequence of 5.8S rRNA 
gene were inferred by using 
neighbor-joining analyses, and 
relationships were computed by 
using the Tamura 3-parameter 
method with gamma distribution 
and parametric bootstrap analysis 
of 1,000 replicates in MEGA X 
software (MEGA, https://www.
megasoftware.net). Scale bar 
indicates nucleotide substitutions 
per site.
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imply that otherwise healthy persons also are at risk 
(12,13). Those data indicate that apparently healthy 
persons could be infected without any clinical signs, 
and the risk increases with age (12). Whether micro-
sporidial infection potentially leads to a deteriora-
tion in health that could be life-threatening in the 
event of a decline in immunity has not been deter-
mined (12,14,15).

The fecal–oral route is generally accepted as the 
most common transmission route because the spores 
are passed in the urine or feces of infected patients, 
then mostly contaminate water sources. Moreover, 
possible foodborne transmission, including through 
fresh vegetables and fruits, milk, cheese, and fer-
mented meat products, has been reported (13). Be-
sides those transmission routes, respiratory tract 
infection suggests airborne transmission by contam-
inated aerosols (13).

Microsporidia are small intracellular fungi ca-
pable of causing widespread infections within a few 
days, despite their lack of active motility and limit-
ed spreading possibilities (14). The exact spreading 
mechanism is still unknown; however, the possible 
connection between activation of proinflammatory 
cellular immune response and targeted transport of 
microsporidia toward inflammation site has been 
proposed on the basis of clinical and experimental 
data (6,7,11).

In this study, we detected microsporidia DNA 
in 3% of tested CSF samples from 211 patients of 
one hospital. The molecular data were supported 
by microscopy in 2 patients who had the highest 
spore loads. Although the other 4 PCR-positive pa-
tients tested microscopically negative, those results 
could be caused by limited sensitivity of micros-
copy in low burden samples, rather than labora-
tory contamination. Because we obtained uniform 
results from specific patients using both PCR and 
quantitative PCR, contamination is unlikely. More-
over, we can exclude laboratory contamination be-
cause the same trained personnel took the samples 
and ran PCRs under sterile conditions. In addition, 
PCR diagnostic laboratory is structurally divided 
into separate areas that adhere to the 1-direction 
workflow, and all negative controls used in sample 
processing were negative.

Our results for microsporidia detection indicate 
an increasing prevalence of latent microsporidiosis 
with patient age, which is consistent with the results 
of previous studies (12). Moreover, the presence of 
microsporidia in CSF represents a potentially seri-
ous condition; unfortunately, we cannot infer any 
association with the clinical condition of the patients  

because we did not have patient histories or reasons 
for collecting CSF samples. However, we can assume 
a possible link between the patients’ health issues and 
the presence of microsporidia in CSF, similar to those 
found in another study (15). That study reported a 
case of a paralyzed patient with a right frontal lobe 
abscess containing E. cuniculi genotype I; the patient 
was successfully treated following appropriate treat-
ment regimen.

In conclusion, disseminated latent microsporidio-
sis can cause several serious diseases with nonspecific 
symptoms and ambiguous etiology that can be life-
threating or fatal if misdiagnosed and left untreated. 
We encourage increased awareness of latent micro-
sporidiosis and development of targeted screening 
that enables timely treatment.

This work was supported by grants from the Grant 
Agency of the Czech Republic (nos. 20-10706S, 23-06571S) 
and National Science Centre, Poland (no. 2020/39/O/
NZ6/02313). The funders had no role in study design, data 
collection and analysis, decision to publish, or preparation 
of the manuscript.

Figure 2. Microscopic examination Encephalitozoon cuniculi–
positive cerebrospinal fluid from immunocompetent patients, 
Czech Republic. Microsporidial spores (arrows) were stained with 
Calcofluor M2R and viewed in 490 nm. A) Patient no. 139; B) 
patient no. 185. Scale bar indicates 10 µm.
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Before the Omicron variant emerged, <5% of Ja-
pan’s population had experienced SARS-CoV-2 

infection (1), but ≈34 million (27%) COVID-19 cases 
were reported by May 7, 2023 (2). The mandatory 
reporting of all cases burdened the healthcare sys-
tem, prompting Japan to adopt a sentinel surveil-
lance approach starting May 8, 2023. Sentinel surveil-
lance may restrict representativeness because of its 
limited coverage population and overlooks persons 
with mild or no symptoms because they often re-
main undiagnosed. Persons >6 months of age have 
been recommended to receive COVID-19 vaccines 
in Japan, where mRNA vaccines (Pfizer-BioNTech, 
https://www.pfizer.com; Moderna, https://www.
modernatx.com) are predominantly used. Seroepide-
miologic surveys can aid in understanding ascertain-
ment rate and assessing the real-time prevalence of 
antibodies resulting from both natural infection and 
vaccination (3).

Since 2020, Japan’s Ministry of Health, Labour, 
and Welfare has conducted 6 rounds of seroepidemi-
ologic surveys among residents (survey 1) (1,4) and 
4 rounds among blood donors (survey 2) (4,5). Sur-

vey 1 analyzed both nucleocapsid (N) and spike (S) 
antibody seroprevalence through random samples 
of participating residents (>20 years of age), whereas 
survey 2 focused solely on N antibody seroprevalence 
among blood donors (16–69 years of age). Those sur-
veys revealed that older and at-risk age groups exhib-
it lower infection rates and higher vaccination rates as 
well as a relatively lower seroprevalence before Omi-
cron emergence compared with the United Kingdom 
and United States (5). However, the surveys excluded 
infants, children, and the elderly. To complement the 
previous surveys, our study aimed to assess SARS-
CoV-2 seroprevalence among outpatients, focusing 
on 2 key age groups (6–8): the younger generation 
(0–15 years) and the older generation (>80 years).

The Study
We used residual blood samples from local clinics 
collected across 22 prefectures in Japan during July 
22–August 21, 2023, to investigate SARS-CoV-2 anti-
body seroprevalence across persons 0 to 101 years of 
age. This study, conducted in accordance with the Act 
on the Prevention of Infectious Diseases and Medical 
Care for Patients with Infectious Diseases (9), did not 
require a formal ethics review or participant consent.

From various private testing companies offering 
testing services for nonbed clinics across regions, 1 
was chosen to closely mirror Japan’s population den-
sity and age distribution. We conducted random sam-
pling from the collected pool of residual specimens 
among 11 age groups (0–4, 5–9, 10–14, 15–19, 20–29, 
30–39, 40–49, 50–59, 60–69, 70–79, and >80 years) 
until 385 specimens were sampled per age group, 
assuming a 50% (+5%) seroprevalence, with a 5% 
α-error. We measured N antibodies by using Elecsys  
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We assessed SARS-CoV-2 seroprevalence in Japan 
during July–August 2023, with a focus on 2 key age 
groups, 0–15 and >80 years. We estimated overall se-
roprevalence of 45.3% for nucleocapsid antibodies and 
95.4% for spike antibodies and found notable mater-
nally derived spike antibodies in infants 6–11 months 
of age (90.0%).
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Anti-SARS-CoV-2 (Roche, https://www.roche.com) 
and S antibodies by using Elecsys Anti-SARS-CoV-2 
S (Roche). We used a cutoff index of 1.0 U/mL to 
determine the presence of N antibodies and 0.8 U/
mL to determine the presence S antibodies, as deter-
mined by the manufacturer. We assumed S antibody 
concentrations measured <0.4 U/mL to be 0.2 U/mL. 
We also collected data on age, sex, and prefecture. To 
adjust for each prefecture’s age and sex distribution, 
we used weighted tabulation on the basis of the Octo-
ber 2022 baseline population (10). We computed 95% 
CIs by using the binomial exact method.

We analyzed 4,235 blood samples; median age 
of participants was 34.0 (SD +27.5) years, and the 
male-to-female ratio was 0.82 (Appendix, https://
wwwnc.cdc.gov/EID/article/30/6/23-1454-App1.
pdf). The seroprevalence of N antibodies was 45.3% 
(95% CI 43.7%–46.8%) and for S antibodies was 95.4% 
(95% CI 94.7%–96.0%). The age-stratified weighted 
seroprevalence of N antibodies indicated higher se-
roprevalences in younger age groups (68.0% [95% CI 
64.7%–71.1%] in persons 5–29 years of age) and lower 
seroprevalences in older age groups (25.7% [95% CI 
21.1%–30.7%] in persons >80 years of age) (Figure 1, 
panel A). Age-stratified weighted seroprevalence of S 
antibodies was 96.2% (95% CI 95.5%–96.8%) for per-
sons >5 years of age and 71.0% (95% CI 61.5%–79.4%) 
for persons 0–4 years of age.

We measured S antibody concentrations catego-
rized by N antibody seroprevalence status (Figure 

2). For persons 6–11 months of age, the estimated 
weighted median S antibody concentration among 
N antibody–negative participants was 1.75 U/mL 
(interquartile range [IQR] 1.14–2.44 U/mL) and 
among N antibody–positive participants was 2.01 
U/mL (IQR 1.77–2.57 U/mL). For persons 1–4 years 
of age, the estimated weighted median S antibody 
concentrations among N antibody–negative partici-
pants was –0.70 U/mL (IQR -0.70–-0.07 U/mL) and 
among N antibody–positive participants was 1.98 
U/mL (IQR 1.70–2.63 U/mL) (Figure 2, panel A). 
Overall, for persons >10 years of age, the S antibody 
concentrations tended to be higher because of immu-
nity from natural infection and vaccination. Antibody 
concentrations in persons <4 years of age (Figure 2, 
panel B) suggest the presence of maternally derived 
immunity; among persons 6–9 months of age, we ob-
served similar S antibody concentrations regardless 
of N antibody status, whereas we observed a gradual 
decline in median S antibody concentrations among 
N antibody-seronegative persons >10 months of age.

Conclusions
This survey revealed SARS-CoV-2 seroprevalence 
across various age groups in Japan, with a specific fo-
cus on persons 0–15 and >80 years of age, who were 
not covered in previous surveys. Consistent with pri-
or surveys (surveys 1 and 2), we observed higher N 
antibody seroprevalence in younger age groups com-
pared with older age groups. Although N antibody 

Figure 1. Age-stratified weighted 
seroprevalence of nucleocapsid 
and spike SARS-Cov-2 
antibodies in Japan, 2023. A) 
Weighted seroprevalence of 
nucleocapsid antibodies by sex 
and age group. B) Weighted 
seroprevalence of spike 
antibodies by sex and age group.
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seroprevalence is low among older populations, the 
vaccination coverage among persons >65 years of age 
during the survey period ranged from 91.5% to 92.8% 
for the first to third doses, which is higher than for 
the general vaccinated population (>6 months of age) 
(68.7%–80.9% for the first to third doses) (11). Vac-
cination coverage for children 5–11 years of age was 
low; of only 24.1% had first, 23.4% had second, and 
9.8% had third doses, and those 6 months–4 years of 
age had even lower coverage (2.9%–4.0% for the first 
to third doses) (11). Of note, S antibody seropreva-
lence is higher, especially among persons >10 years of 
age, because of immunity acquired from infection and 
vaccination. Therefore, the S antibody seroprevalence 
in Japan reflects most the younger population acquir-
ing immunity from natural infection and the older 
population acquiring immunity from vaccination.

Despite low vaccination coverage among chil-
dren, we observed a high S antibody seropreva-
lence among children 6–11 months of age at 90.0% 
(95% CI 55.5%–99.7%). Among the same age group, 
the N antibody seroprevalence was 40.0% (95% CI 
12.2%–73.8%), raising speculation about the presence 
of maternally derived antibodies in infants. When 
stratified by N antibody seroprevalence, S antibody 
concentrations were notably high among N antibody-
seronegative persons in the 6–11-months age group 
(Figure 2, panel B). Although the duration of immu-
nity may vary depending on the mother’s vaccination 
and infection status (12), and a longitudinal study is 

essential for better understanding, we observed a po-
tential persistence of positive S antibodies until 10–11 
months of age, followed by a decline to negative sta-
tus by 1 year of age.

One limitation of our study is that, despite de-
mographic adjustments using survey weights, biases 
from the selected clinics in 22 prefectures may not 
reflect the seroprevalence of the entire population of 
Japan. To understand the potential effect of selection 
bias, we are conducting additional surveys simulta-
neously from different sources. In addition, the pro-
portion does consider the sensitivity or decline of N 
antibodies (13). However, we believe this effect is 
minimal when using the Roche assay, because only 
2.1% of N antibody seroprevalence was reported in 
December 2021 (1) and the assay typically remains 
positive for ≈2 years (14,15). Furthermore, the absence 
of vaccination information for the sampled popula-
tion hindered a comprehensive understanding of the 
effect of vaccination on S antibody levels.
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Since 1996, goose/Guangdong lineage H5 highly 
pathogenic influenza A viruses (HPIAV) have 

caused an unprecedented panzootic. In 2020, sub-
clade 2.3.4.4b HPIAV H5N1 emerged and spread to 
multiple continents causing substantial death in poul-
try and wild birds. Recently, increased detection in 
mammals has stimulated concern that the virus might 
be adapting to mammal hosts.

Despite the prolonged global epizootic of HPIAV  
H5N1, reported infections in dogs have been rare. 
During an HPIAV H5N1 outbreak in Thailand, a 
fatal canine infection in 2004 associated with a dog 
eating a duck carcass was reported (1). A follow-
up serosurvey of outwardly healthy stray dogs in 
Thailand detected HPIAV H5N1 antibodies in 25.4% 
(160/629) of sampled dogs (2). During April 2023, 
another fatal HPIAV H5N1 infection was identified 
in Ontario, Canada, in a dog that developed severe 
respiratory and systemic signs shortly after chewing 

on a dead wild goose (3). In experiments, beagles 
were susceptible to HPIAV H5N1 infections, during 
which some infected dogs excreted high concentra-
tions of virus through the respiratory tract and ex-
perienced severe disease (4). In contrast, previous 
studies in beagles reported susceptibility to HPIAV 
H5N1 infection that manifested with moderate to 
no clinical signs (5,6). Existing field and experimen-
tal data collectively suggest dogs are susceptible to 
HPIAV H5N1 infection but clinical outcomes vary. 
However, infection appears to be restricted to dogs 
with high virus exposure. To investigate this further, 
we tested for antibodies to influenza A(H5N1) virus 
in bird hunting dogs, a category of dogs at high risk 
for contact with HPIAV H5N1–infected wild birds, 
and compared serologic results to reported hunting 
or training activities.

Dog owners completed a questionnaire providing 
details about their dogs’ retrieving activities, canine 
influenza virus (CIV) vaccination status, and clinical 
history. Methods used in this research were approved 
by the Institutional Animal Care and Use Committee 
at Penn State University (#202302394).

The Study
During March–June 2023 in Washington, USA, we 
collected blood samples from 194 dogs identified by 
owners as having engaged in bird hunting or bird 
hunt tests and training over the previous 12 months 
(Figure). Waterfowl hunting season in Washington 
extends from mid-October through February; con-
sequently, we collected samples 1–4 months after 
season closure. We collected blood from the jugular 
vein, immediately centrifuged it, and stored it at 4ºC 
in the field, then stored serum at –20°C until testing 
was performed. 

We screened serum samples for antibodies to 
influenza A virus (IAV) nucleoprotein using an 
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We detected antibodies to H5 and N1 subtype influ-
enza A viruses in 4/194 (2%) dogs from Washington, 
USA, that hunted or engaged in hunt tests and training 
with wild birds. Historical data provided by dog owners 
showed seropositive dogs had high levels of exposure 
to waterfowl. 
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MultiS-Screen Ab blocking ELISA (bELISA; IDEXX, 
https://www.idexx.com), according to manufactur-
er instructions. We subsequently tested all bELISA- 
positive samples for antibodies to H5 using a 
hemagglutination inhibition (HI) assay and virus 
neutralization (VN), and to N1 with an enzyme-
linked lectin assay (ELLA) using published proto-
cols (7,8). In addition, we ran 11 bELISA-negative 
samples as negative field controls. In both the HI 
and VN assays, we used 2 reverse genetics anti-
gens to detect antibodies to clade 2.3.4.4b H5 and 
North American H5 low pathogenic IAV. Anti-
gens included IDCDC-RG71A containing Eurasia 
hemagglutinin (HA) and neuraminidase (NA) 
from A/Astrakhan/3212/2020(H5N8) on an A/
Puerto Rico/8/1934(H1N1)(PR8) backbone and 
LP-RGBWT/TX that included North America HA 
and NA from A/blue-winged teal/AI12–4150/
Texas/2012(H5N2) on a PR8 backbone. The HA of 
IDCDC-RG71A has a modified protease cleavage site 
consistent with a low pathogenic IAV phenotype.  

For the ELLA, we used A/ruddy turnstone/New 
Jersey/AI13-2948/2013(H10N1) as the antigen. 

We used conservative positive threshold titers: 
H5 HI, >1:32; H5 VN, >1:20; and N1 ELLA, >1:80. We 
considered samples H5 seropositive if positive for H5 
using HI assay or VN and N1 seropositive if positive 
for N1 using ELLA. We also tested all bELISA-posi-
tive serum samples for antibodies to H3N2 and H3N8 
CIV by HI assay (positive threshold ≥1:8) (9). We cal-
culated seroprevalence using R (10). 

Most dogs retrieved waterfowl (86%), and many 
(69%) retrieved both waterfowl and upland game 
birds (Appendix Tables 1, 2, https://wwwnc.cdc.
gov/EID/article/30/6/23-1459-App1.pdf). Dogs 
most commonly contacted dabbling ducks (81% of 
dogs), which are notable reservoirs for HPIAV H5N1. 
Dogs also frequently contacted birds from other cat-
egories considered high risk for HPIAV H5N1, in-
cluding geese (32% of dogs) and diving ducks (23% 
of dogs) (Appendix Table 3). Most dogs had retrieved 
or trained multiple times during the previous 12 

Figure. Flow diagram of 
participation in a serosurvey for 
antibodies to IAV in hunters and 
their hunting dogs, Washington, 
USA. CIV, canine influenza virus; 
ELLA, enzyme-linked lectin 
assay; HI, hemagglutination 
inhibition; IAV, influenza A virus; 
NP, nucleoprotein; VN, virus 
neutralization
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months; 38% were reported to have been in the field 
during ≥15 hunts and 78% reported to have trained 
with live or dead birds ≥15 times (Appendix Table 2). 
Reportedly 11% of dogs retrieved dead or clinically 
ill waterfowl that showed no evidence of having been 
shot or hunted. 

Antibodies to IAV were detected by bELISA in 
18/194 (9.3%, 95% CI 5.6%–14.3%) dogs not display-
ing overt disease. Of the 18 bELISA-positive samples, 
14 (77.8%, 95% CI 52.4%–93.6%) were seropositive 
for CIV H3N2 and 13 (72.2%, 95% CI 46.5%–90.3%) 
for CIV H3N8. The closeness of those results might 
have resulted from cross-reactivity between H3N2 
and CIV H3N8. Of the 18 bELISA-positive dogs, 12 
(66.7%, 95% CI 41.0%–86.7%) had reportedly been 
vaccinated for CIV. Four (22%, 95% CI 6.4%–47.6%) 
of the 18 were seropositive for H5 antibodies when 
tested using HI or VN and for N1 antibodies when 
tested using ELLA (Table). Two dogs were seroposi-
tive for H5 by HI and 3 dogs by VN, both using the 
IDCDC-RG71A antigen. No dogs had antibodies de-
tectable above the positive threshold for H5 using 
the North America LP-RGBWT/TX antigen. Despite 
using an unmatched N1, all 4 H5-seropositive dogs 
tested positive for N1 antibodies using ELLA. Three 
of the H5- and N1-seropositive dogs had not been 
vaccinated for CIV and were negative for H3N2 
and H3N8 antibodies. One H5- and N1-seropositive 
dog reportedly had been vaccinated in 2021 and 
had a low antibody titer to CIV H3N2 (1:8). All 11  
bELISA-negative serum samples (i.e., negative con-
trols) tested negative on HI and VN for antibodies to 
H5; however, 3 were seropositive for N1. The cause 
of the N1 seropositivity is unknown; however, sero-
logic evidence of pandemic H1N1 infections in dogs 
has been previously reported, and additional testing 
is warranted (11). 

Over the previous 12 months, all 4 H5- and N1-
seropositive dogs reportedly had hunted water-
fowl extensively in areas affected by H5N1 HPIAV 
outbreaks in wild waterfowl. Three H5- and N1-
seropositive dogs reportedly had retrieved wa-

terfowl that were either dead or had neurologic 
symptoms but that showed no evidence of having 
been shot or hunted. Two H5- and N1-seropositive 
dogs were from households that owned multiple 
hunting dogs included in this study; 1 seroposi-
tive dog was 1 of 2 dogs included in the study and 
the other was 1 of 3. None of the other tested dogs 
from those multidog households were seropositive 
for IAV. 

Conclusions 
We detected antibodies to H5 and N1 only in hunting 
dogs with high levels of bird hunting and waterfowl 
retrieval. Although that finding suggests transmis-
sion of HPIAV H5N1 from waterfowl to dogs can 
occur, low seroprevalence, lack of reported disease 
in seropositive dogs, and lack of evidence for dog-
to-dog transmission among dogs sharing house-
holds collectively indicate that the subclade 2.3.4.4b 
HPIAV H5N1 strains that circulated in North Amer-
ica during 2022–2023 were poorly adapted to dogs. 
Those results suggest that effective risk communica-
tion with hunting dog owners could be an inexpen-
sive and effective strategy to reduce the potential for 
spillover to dogs, and monitoring hunting dogs for 
IAV could be a useful addition to existing surveil-
lance efforts. 
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Table. Data for individual hunting dogs that tested positive for antibodies to H5 and N1 influenza A virus, Washington, USA* 

Dog ID Mean S/N 
Influenza A subtype-specific test results 

HI rg BWT HI rg AST H5 (titer) VN rg AST H5 ELLA N1 HI-CIV H3N2 HI-CIV H3N8 
HD23-21 0.275 Neg + (32) – + (320) + (8) – 
HD23-30 0.345 Neg – + (80) + (>2,560) – – 
HD23-135 0.474 Neg – + (40) + (>2,560) – – 
HD23-139 0.375 Neg + (1:32) + (320) + (>1,280) – – 
*Determined using AI MultiS-Screen AB blocking ELISA (IDEXX Laboratories, https://www.idexx.com), HI assay, virus neutralization, and ELLA. Positive 
threshold titers for the influenza A subtype-specific tests: H5 HI, >1:32; H5 VN, >1:20; N1 ELLA, >1:80; H3N2 and H3N8 CIV HI assay, ≥1:8. Negative 
antibody results based on the reported positive threshold titer for each assay. BWT, wild-type (wt) influenza B virus; CIV, canine influenza virus; ELLA, 
enzyme-linked lectin assay; HI, hemagglutination inhibition; ID, identifier; rg, reverse genetics; N1, A/ruddy turnstone/New Jersey/AI13–
2948/2013(H10N1) antigen; rg AST, modified HA and NA antigen from A/Astrakhan/3212/2020(H5N8); rg BWT, HA and NA antigen from A/blue-winged 
teal/AI12-4150/Texas/2012(H5N2); S/N, ratio of sample to negative control absorbance values; VN, virus neutralization; –, negative antibody result. 
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Dr. Danielle Greenberg, founder of a veterinary clinic  
near Liverpool, knew something was wrong. Dogs in  

her clinic were vomiting—and much more than usual.  
Concerned, she phoned Dr. Alan Radford and his team  

at the University of Liverpool for help.
Before long they knew they had an outbreak on their hands. 

In this EID podcast, Dr. Alan Radford, a professor of veterinary 
health informatics at the University of Liverpool, recounts the 

discovery of an outbreak of canine enteric coronavirus.
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Tracking Canine Enteric Coronavirus in the UK 

Visit our website to listen:  
https://go.usa.gov/xsMcP
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Hantaviruses are a large group of rodentborne 
single-stranded RNA viruses that cause clinical 

illness of varying severity in humans. Austria, and 
especially its southernmost federal states (Styria, 
Carinthia, and Burgenland), are endemic regions 
for the hantavirus puumala virus (PUUV), as well 
as for Dobrava/Belgrade virus (DOBV) in rare cases 
(1). Both hantavirus entities cause hemorrhagic fever 
with renal syndrome (HFRS); case-fatality rates of 
0.1%–1% in PUUV patients and up to 12% in DOBV 
patients have been reported (2). HFRS is character-
ized by strong inflammation affecting vascular en-
dothelial cells, leading to thrombocytopenia and 
potentially to disseminated intravascular coagulop-
athy. HFRS leads to renal failure of varying severity; 
half of patients develop respiratory symptoms. Hy-
poxia might lead to intensive care unit (ICU) admis-
sion for patients who need oxygen supply or organ 
support (3–6).

Invasive pulmonary aspergillosis (IPA) has been 
increasingly reported as a serious and potentially le-
thal complication in patients who require ICU treat-
ment for severe influenza or COVID-19–associated 

acute respiratory failure. Although exact ICU admis-
sion rates and treatment characteristics (e.g., mechan-
ical ventilation, hemodynamic shock) in the context 
of HFRS are lacking, hantaviruses have been shown 
to cause direct damage to the airway epithelium, po-
tentially enabling aspergillus to invade tissue (7). We 
therefore speculated that there is a risk for invasive 
pulmonary aspergillosis (IPA) in critically ill patients 
with HFRS.

The Study
We performed a retrospective observational study, 
enrolling all consecutive adult patients with HFRS 
admitted to the ICU Medical University of Graz in 
Graz, Austria, during 2003–2023, and determined the 
rate of IPA. We screened all patients with clinical sus-
picion of HFRS and detection of PUUV or Hantaan 
virus (HTNV)/DOBV IgM by immunoassay (Reage-
na, https://www.reagena.com) (Appendix, https://
wwwnc.cdc.gov/EID/article/30/6/23-1720.App1.
pdf). All patient data were uniformly collected as 
described previously (1,8). The institutional review 
board of the Medical University of Graz approved the 
study (approval no. 33-329 ex 20/21), which we con-
ducted in accordance with the Declaration of Helsinki 
(Version Fortaleza, 2013).

We classified the patients according to the Eu-
ropean Confederation of Medical Mycology/Inter-
national Society for Human & Animal Mycology 
consensus criteria for COVID-19–associated invasive 
pulmonary aspergillosis and influenza-associated 
pulmonary aspergillosis (9) by 2 infectious disease 
specialists who were blinded against the baseline 
characteristics. We performed all analyses using Stata 
version 16.1 (StataCorp., https://www.stata.com) 
and R version 4.0.5 (https://www.r-project.org). We 
reported continuous data as medians with 25th–75th 
percentiles; we summarized categorical data using 
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We investigated a cohort of 370 patients in Austria with 
hantavirus infections (7.8% ICU admission rate) and de-
tected 2 cases (cumulative incidence 7%) of invasive pul-
monary aspergillosis; 1 patient died. Hantavirus-associ-
ated pulmonary aspergillosis may complicate the course 
of critically ill patients who have hemorrhagic fever with 
renal syndrome.
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absolute frequencies and percentages. We estimated 
median survival of the overall cohort by the reverse 
Kaplan–Meier method. We analyzed risks for devel-
opment of hantavirus-associated pulmonary asper-
gillosis (HAPA) and death from any cause using com-
peting risk cumulative incidence estimators.

Of 370 patients with HFRS, 29 (7.8%) were admit-
ted to the ICU and therefore included in our study; 
median follow-up time was 4.3 years (Table 1). A to-
tal of 28/29 (96%) had PUUV-caused HFRS; 1 patient 
had DOBV-caused HFRS, confirmed by PCR. A total 
of 17/29 (59%) patients reported contact with rodents 
or rodent excreta. All patients had fever, 21/29 (72%) 
patients had headache and 13/29 (45%) had diar-
rhea. At ICU admission, the median sequential organ  

failure assessment (SOFA) score was 10 (7–15) and 
the median paO2/FiO2 ratio (Horowitz index) was 
150 mm Hg (97–188 mm Hg). Almost all patients 
(27/29 [92%]) received oxygen supply upon ICU ad-
mission. A total of 19/29 (66%) patients received non-
invasive ventilation support (Table 1). The remaining 
9 patients received invasive mechanical ventilation; 
3 received additional extracorporeal membrane oxy-
genation (ECMO). Hemodialysis was necessary in 
19/29 (66%) patients. A total of 5 patients died during 
intensive care treatment, corresponding to a 10-day 
ICU survival of 86.2% (95% CI 67.3–94.5), 30-day ICU 
survival of 86.2% (67.3–94.5), and 90-day ICU surviv-
al of 82.7% (63.4%–92.4%). No patients died outside 
the ICU (Table 1; Appendix).

We observed 2 cases of probable HAPA 2 days 
and 7 days after ICU admission with a total propor-
tion of 6.9% (95% binomial exact CI 0.1–22.8) of pa-
tients during the ICU stay. One patient had PUUV 
and the other had DOBV infection. Their laboratory 
findings included positive bronchoalveolar lavage 
galactomannan >1.0 optical density index (2/2 pa-
tients), bronchoalveolar lavage culture growing 
Aspergillus species (2/2), and positive serum GM 
optical density >0.5 ODI (1/2), in addition to the 
other required parameters defining HAPA. Neither 
patient exhibited any notable concurrent condi-
tions before ICU admission. Both patients received 
prednisolone, initiated after the first diagnostic test 
indicating pulmonary aspergillosis; daily dose was 
1 mg/kg body weight for supportive treatment of 
acute respiratory failure (Table 2). The cumulative 
incidence of HAPA was 3.4% (95% CI 0.3–14.9) at 
5 days, 7% (1.2–20.1) at 10 days, and 7% (1.2–20.1) 
at 90 days after ICU admission. After diagnosis of 
HAPA, we observed a 10-day ICU survival of 100%, 
30-day survival of 100%, and 90-day survival of 50% 
(0.6%–91%) (Appendix).

Conclusions
We report invasive pulmonary aspergillosis as an 
infectious complication in critically ill patients with 
HFRS, without any classical risk factors for IPA. The 
2 cases of HAPA observed in our study correspond 
to a cumulative incidence of invasive pulmonary as-
pergillosis of 7% in our ICU cohort, comprising 29 
patients with HFRS. Of note, the corrected cumula-
tive incidence rate including only patients with di-
agnostic tests for mold infections was 22.2% (95%  
CI 2.8%–60%).

During the COVID-19 pandemic and previous 
epidemic waves of influenza, secondary pulmonary 
mold infections and especially aspergillosis gained 

 
Table 1. Baseline characteristics of 29 hantavirus patients 
hospitalized in ICU, Graz, Austria* 
Characteristic Value 
Age, y (range) 51 (44–65) 
Sex  
 F 5 (17) 
 M 24 (83) 
BMI, kg/m2 (range) 26.2 (24.1–28.1) 
Known contact with rodents or rodent 
excreta 

17 (59) 

Signs and symptoms at diagnosis  
 Headache 21 (72) 
 Eye pain 2 (7) 
 Fever >38.5°C (101.3°F) 29 (100) 
 Body temperature, °C (range) 39.5 (39.2–40.1) 
 Diarrhea 13 (45) 
 Abdominal pain 11 (38) 
 Kidney pain 3 (10) 
 Blurred vision 2 (8) 
 Time from first symptom to diagnosis, d 3 (1–4) 
Median blood counts at diagnosis (range)  
 Leukocytes, G/L 10.2 (6.9−14.7) 
 Neutrophils, G/L 8.2 (5.5−12.5) 
 Lymphocytes, G/L 0.7 (0.6–0.9) 
 Hemoglobin, g/dL 15.2 (11.4–17.5) 
 Platelets, G/L 58 (33–74) 
Median laboratory results at diagnosis (range) 
 Creatinine, mg/dL 4.2 (1.6–6.6) 
 eGFR, mL/min/l 16.3 (8.0–40.9) 
 Urea, mg/dL 117 (69−178) 
 C-reactive protein, mg/L 131 (95−176) 
 PCT, mg/L 8.5 (2.6−19.5) 
 Interleukin-6, pg/mL 151 (56–410) 
 Bilirubin, mg/dL 0.59 (0.5–0.8) 
 AST, U/L 46 (30–99) 
 ALT, U/L 46 (26–135) 
 LDH, U/L 390 (271–696) 
Outcomes  
 Proportion of HAPA 2 (6.9) 
 Deceased 5 (17) 
 Length of ICU stay, d (range) 4.5 (2.8−10.3) 
 Length of hospital stay, d (range) 13.0 (9.0–28.0) 
*Values are no. (%) except as indicated. An expanded table is available 
online (https://wwwnc.cdc.gov/EID/article/30/06//23-1720-T1.htm). ALT, 
alanine aminotransferase; aPTT, activated prothrombin time; AST, 
aspartate aminotransferase; BMI, body mass index; COPD, chronic 
obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; 
ICU, intensive care unit; LDH, lactate dehydrogenase. 
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increasing attention (9–11). Previous studies investi-
gating noninfluenza/non-COVID respiratory virus–
associated invasive pulmonary aspergillosis nearly 
exclusively reported these co-infections in patients 
with well-known classical risk factors for IPA, mostly 
immunocompromised solid organ or hematopoietic 
stem cell transplant recipients (12–14). Those find-
ings are in contrast with our findings for HFRS, in 
which neither of the 2 HAPA patients had underly-
ing diseases predisposing to IPA or received immu-
nosuppression before ICU admission. This fact is a 
major characteristic of HFRS patients who acquire 
their infections primarily during outdoor recreational 
activities or physical work in mouse-infested areas, 
thereby excluding almost all severely comorbid or 
immunocompromised persons (2). Therefore, we hy-
pothesize that hantaviruses such as PUUV or DOBV 
may change the lung immune composition by viral 
pathogenic factors in a similar extent as COVID-19 or 
influenza to pave the way for Aspergillus infections.

The 2 patients of our cohort showed biomarkers 
indicative for IPA immediately after ICU admission. 
Therefore, if our findings are confirmed in larger 
studies, preemptive antifungal treatment or prophy-
laxis after ICU admission could be considered in in-
tubated and mechanically ventilated hantavirus-in-
fected patients. That possibility holds especially true 
for patients with acute respiratory failure requiring 
ECMO treatment or receiving corticosteroids, which 
both contribute to the risk for invasive mold infec-
tion (11,15).

This study’s limitations include its retrospective 
design and nonstandardized investigation of respi-
ratory samples. The incidence of HAPA might have 
been higher than reported here if we included only 
patients with more severe HFRS or if fungal biomark-
ers were incorporated into diagnoses in all cases. The 

incidence rates of invasive aspergillosis may also  
depend on environmental factors. Therefore, our re-
sults may probably differ from observations in other 
centers. Finally, the relatively small number of criti-
cally ill patients included here limited our ability to 
examine risk factors for HAPA; prospective multi-
center studies are warranted. In the meantime, clini-
cians should remain aware that HAPA may compli-
cate the course of illness in HFRS patients.
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Table 2. Characteristics of 2 patients with hantavirus pulmonary aspergillosis and mycological criteria, Graz, Austria* 
Characteristic Patient 1, DOBV infection Patient 2, PUUV infection 
EORTC risk factors None None 
APACHE II score 36 26 
Thoracic CT scan/radiograph Bilateral dense infiltrates Bilateral dense infiltrates 
Steroids to treat pneumonia Yes Yes 
Renal replacement therapy Yes Yes 
Vasopressor High-dose nordarenalin and vasopressin High-dose nordarenalin and vasopressin 
BAL Aspergillus culture + + 
BAL Aspergillus qPCR − − 
BAL galactomannan index 7,11 7,71 
Serum Aspergillus qPCR NA NA 
β-D-glucan, pg/mL 126 626 
Serum galactomannan index 0.79 0.32 
Mycologic criteria 4 3 
Antifungal therapy Voriconazole Posaconazole 
Outcome Dead Alive 
*The table summarizes diagnostic and therapeutic characteristics of invasive pulmonary aspergillosis associated with hantavirus-disease. APACHE score, 
Acute Physiology and Chronic Health Evaluation score; BAL, bronchoalveolar lavage; CT, computed tomography; EORTC, European Organisation for 
Research and Treatment of Cancer; NA, not available; qPCR, quantitative PCR; +, positive; −, negative. 
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The Enterobacter cloacae complex (ECC) is highly 
diverse; its many species and subspecies can 

be distinguished by using phenotypic methods or 
matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry. Whole-genome sequenc-
ing enables the precise determination of the bacterial 
species inside this complex; 22 species, including 6 
subspecies, have been assigned to the ECC. IMI and 
NmcA, which are Ambler class A carbapenemases 
conferring antimicrobial resistance, are typically as-
sociated with the ECC (1), but they are rarely report-
ed in other bacterial species (2,3) despite a world-
wide distribution.

A total of 24 NmcA/IMI-type variants have been 
identified in accordance with the Beta-Lactamase 
DataBase (http://www.bldb.eu) (4). The blaIMI/NmcA 
genes can be either chromosome or plasmid encoded; 
blaNmcA, blaIMI-1, blaIMI-4 and blaIMI-9 have been described 
as chromosome encoded (5–7). The chromosome-
encoded blaIMI/NmcA genes are usually described into 

XerC/XerD recombinase-dependent integrative mo-
bile elements (IMEX) called EcloIMEX elements. For 
all IMI producers, the genetic features showed an 
integration of EcloIMEX structures at the same posi-
tion between setB and yeiP genes. For chromosomal 
variant, the blaIMI gene were mostly identified in E. 
cloacae subsp. cloacae as E. bugandensis or E. ludwigii 
strains (6,8,9). In contrast, the plasmid-encoded genes 
(such as blaIMI-2 or blaIMI-6) were mostly identified on a 
IncFII(Yp)-type plasmid in E. asburiae isolates (3,6,10). 
We characterized a large collection of IMI/NmcA 
producers collected in France.

The Study
We included all nonduplicate IMI-producing and 
NmcA-producing isolates showing antimicrobial re-
sistance received at the French National Reference Cen-
ter for Antimicrobial resistance (F-NRC) during 2012–
2022 (n = 112) (Appendix 1 Table 1, https://wwwnc. 
cdc.gov/EID/article/30/6/23-1525-App1.xlsx). Mass 
spectrometry showed that all strains belonged to the 
ECC. Since 2014, each year, 3–20 IMI/NmcA producers 
were identified, representing 0.03%–0.91% of all car-
bapenemase-producing Enterobacterales analyzed at 
F-NRC. No IMI/NmcA producers were found before 
2014. (Appendix 2 Figure 1, https://wwwnc.cdc.gov/ 
EID/article/30/6/23-1525-App2.pdf). 
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We characterized a collection of IMI-like–producing  
Enterobacter spp. isolates (n = 112) in France. The main 
clone corresponded to IMI-1–producing sequence type 
820 E. cloacae subspecies cloacae that was involved in 
an outbreak. Clinicians should be aware of potential anti-
microbial resistance among these bacteria.
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Disc diffusion antimicrobial susceptibility test-
ing revealed resistance to third-generation cephalo-
sporins for 1 strain (257D9, overexpression of ampC 
confirmed with CLOXA agar) of the 112 tested. We 
determined MICs for last-resort antibiotics against 
highly resistant bacteria on 30 IMI/NmcA producers 
belonging to several sequence types (STs) (Appendix 
1 Table 2). Relebactam restored imipenem activity for 
67% of the strains and vaborbactam restored suscep-
tibility to meropenem for all strains with lower MICs 
than imipenem/relebactam. Then, 37% of the tested 
strains were susceptible to colistin.

We performed WGS on the 112 IMI-/NmcA pro-
ducers and identified 74 IMI-1 producers (Appendix 
2 Figures 1, 2). Of those, 44 IMI-1-producing ECC 
were involved in an outbreak in Mayotte and La 
Réunion islands.

We confirmed ECC species identification using 
average nucleotide identity (ANI) calculation (Ap-
pendix 1 Table 3; Appendix 3, https://wwwnc.cdc.
gov/EID/article/30/6/23-1525-App3.xlsx). E. cloa-
cae subsp. cloacae was the most prevalent species 
(n = 56 [50.0%]) (Figure).  Multilocus sequence typ-
ing (MLST) assigned 42 known unique STs for 105 
strains. The 7 remaining isolates belonged to new or  
undetermined STs. Major STs (>4 isolates) were 

ST820 (n = 45), ST250 (n = 5), ST657 (n = 5), ST1516 
(n = 4), and ST1517 (n = 4) (Figure). Of note, 44 of the 
ST820 strains corresponded to the strain isolated in 
the Mayotte/La Réunion outbreak; the last IMI-1 E. 
cloacae subsp. cloacae of ST820, 193I8, was isolated in 
Paris and was not clonally related to the outbreak 
strains. That strain exposed >1,200 single-nucleo-
tide polymorphisms (SNPs) corresponding with 
the other IMI-1 ECC ST820 isolates from Mayotte or  
La Réunion.

Genes encoding NmcA, IMI-1, IMI-4, IMI-12, and 
IMI-13 were localized on the chromosome, whereas 
those coding for IMI-2, IMI-6, IMI-17, IMI-19, IMI-
25, IMI-26 and IMI-27 were carried on plasmids. 
We characterized genetic environments of blaIMI/NmcA  
genes using Illumina (https://illumina.com) and 
MinION long-read (Oxford Nanopore, https://
nanoporetech.com) sequencing. All chromosome-
encoded blaIMI/NmcA genes were located into a Eclo-
IMEX-type genetic element (Appendix 2 Figure 4, 
panel A), except blaIMI-13, which possessed a distinct 
genetic environment (Appendix 2 Figure 4, panel B). 
We detected already-characterized EcloIMEX-type 
and 6 new variants, named EcloIMEX-11−16 (Ap-
pendix 2 Figure 4, panel A). Those EcloIMEX ele-
ments were ≈15–≈39.4-kb long, possessed a highly 
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Figure. Phylogenetic relationship and global characterization of 112 IMI-producing E. cloacae complex received by the French National 
Reference Center, France, 2012–2022. The phylogenetic tree was built with a single-nucleotide polymorphism analysis approach from 
whole-genome sequencing data. MLST, multilocus sequence type; ST, sequence type.
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conserved 5′ region, and were inserted between 
setB and yieP genes. We observed a strong correla-
tion between blaNmcA and EcloIMEX-1. In contrast, we 
identified blaIMI-1 on 9 different EcloIMEX elements. 
We saw no correlation between the Enterobacter spe-
cies and the type of EcloIMEX. The blaIMI-13 gene was 
inserted in the chromosome between genes encod-
ing a hypothetical protein and an Inovirus-type Gp2 
protein. We identified several complete or partially 
deleted insertion sequences (IS) close to blaIMI-13 (Ap-
pendix 2 Figure 4, panel B); however, the mechanism 
of blaIMI-13 acquisition is unclear.

All blaIMI-6 genes were carried on a IncFII(Yb)-
type plasmid (160–200 kb) (Appendix 1 Table 4). 
Similarly, blaIMI-2 genes were carried on a IncFII(Yp)-
type plasmid for 75% (8/12) of the IMI-2 produc-
ers. The plasmidic replicase was not identified in 
the 4 remaining IMI-2 producers. The long-read 
sequencing performed on strains producing new 
IMI variants enabled a more precise identification 
of plasmid type and size (Appendix 1 Table 4). 
The close genetic environments of the blaIMI genes 
included several IS that differed according to the 
blaIMI variants (Appendix 2 Figure 3). Conjugation 
experiments performed in E. coli J53 used as recipi-
ent strain confirmed those plasmids were conjuga-
tive except the 1 carrying blaIMI-17.

We built an SNP matrix for the 44 IMI-1 E. cloacae 
subsp. cloacae ST820 isolates involved in the Mayotte/
La Réunion outbreak to confirm their clonality. Those 
strains were closely related (1–62 SNPs between 2 
isolates). We also performed a Bayesian analysis to 
estimate the date of the most recent ancestor and the 
evolutionary rate of that population. We estimated 
the evolutionary rate of the clone to 3.94 × 10−7 sub-
stitutions per site and per year (95% highest posterior 
density [HPD], 2.50–5.33 × 10−7), corresponding to 
1.63 SNPs per genome per year (95% HPD 1.04–2.21 
SNPs). The common ancestor of the 44 IMI-1–produc-
ing E. cloacae subsp. cloacae ST820 isolates has an esti-
mated date of 1994.7 (95% HPD 1990.8–2000.2) (Ap-
pendix 2 Figure 5).

Conclusions
Consistent with previous findings (6,9), our collec-
tion of IMI producers included uncommon species 
of ECC, such as E. cloacae subsp. cloacae, a rarely de-
scribed species; IMI-1, IMI-2 and IMI-6 were the most 
prevalent variants. We identified no isolates of E. hor-
maechei, the most prevalent carbapenemase-produc-
ing ECC species (11,12). 

Genetic environments and plasmid types of IMI-
2 producers identified in this study were similar to 

those previously described (2,3,13); IncFII(Yp)-type 
plasmids were most common. The close genetic en-
vironment of blaIMI-2 observed in our isolates has been 
reported on a plasmid identified in E. coli (2). The ge-
netic environment of blaIMI-6 was previously reported 
in an E. cloacae isolate described by Boyd et al. (6). 
Regarding the chromosome-encoded IMI and NmcA 
variants (n = 85), we described a variety of EcloIMEX 
elements (n = 11) including 6 novel elements; that the 
same EcloIMEX could be identified in different ECC 
species suggests that XerC/D recombinases enable 
the mobility of these blaIMI-/NmcA–carrying EcloIMEX 
structures specifically between ECC species. Finally, 
the evolution rate of the IMI-1–producing E. cloacae 
subsp. cloacae ST820 clone (1.63 SNPs/genome/year) 
is similar to the 0.5–3 SNPs/year for a genome report-
ed for a population of multidrug-resistant ECC in the 
United Kingdom (14) and the 2.5–3 SNPs/year for a 
genome identified for ST171 and ST78 carbapenem-
resistant ECC (15).

In conclusion, in IMI/NmcA producers in France, 
we observed a large diversity of ECC species, STs, 
genetic supports, and genetic environments. Future 
work should elucidate why E. cloacae subsp. cloacae 
is highly prevalent among IMI producers; why blaIMI/

NmcA-carrying plasmids were almost always found 
alone in IMI-producing isolates that always do not 
carry any other resistance genes; and whether EcloI-
MEX genetic elements are mobilizable. Clinicians 
should remain aware of potential antimicrobial resis-
tance among ECC species.
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Reports of acute hepatitis caused by rat hep-
atitis E virus (HEV) raise concerns regarding 
the potential risk for rat HEV transmission to 
people and hepatitis E as an emerging infec-
tious disease worldwide. During 2018–2021, 
researchers tested liver samples from 372 
Norway rats from southern Ontario, Canada 
to investigate presence of hepatitis E virus in-
fection. Overall, 21 (5.6%) rats tested positive 
for the virus.
In this EID podcast, Dr. Sarah Robinson, a 
postdoctoral researcher at the University of 
Guelph, discusses hepatitis E virus in Norway 
rats in Ontario, Canada.
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A monovalent COVID-19 vaccine containing the 
XBB.1.5 variant SARS-CoV-2 spike protein was 

approved in September 2023, but uptake has been 
hesitant (1). Evaluating the immunogenicity of vari-
ant-adapted vaccines could inspire trust in COVID-19 
immunization, especially as neutralization-evading 
variants such as JN.1 emerge. Studies have demon-
strated induction of antibodies capable of neutral-
izing variant spike proteins (2–4), but those studies 
used pseudo-typed virus that recombinantly ex-
pressed variant spike proteins, not true SARS-CoV-2. 
We evaluated immunogenicity of XBB.1.5 vaccination 
in humans by using live SARS-CoV-2 clinical isolates 
to capture the biology of virus neutralization.

During October–November 2023, we recruited 
healthcare workers at Oregon Health and Science 
University (OHSU) in Portland, Oregon, USA. We 
collected paired serum samples from participants: 
1 on the day XBB.1.5 monovalent booster vaccine 
(Moderna, https://www.modernatx.com) was ad-
ministered, and 1 ≈21 days after vaccination. To 
identify recent infection, we used ELISA to detect nu-
cleocapsid antibodies. We used 50% ELISA effective 
concentrations to determine IgG, IgA, IgM, and total 
IgG/A/M titers against the ancestral spike receptor 
binding domain (RBD) (Appendix, https://wwwnc.
cdc.gov/EID/article/30/6/24-0051-App1.pdf). We 
determined SARS-CoV-2 neutralizing antibody ti-
ters by using 50% focus reduction neutralization tests 
against the ancestral (wild-type) strain and XBB.1.5, 

EG.5.1, and JN.1 variants (Figure, panel A). We used 
restricted effect maximum-likelihood model or re-
peated analysis of variance measures with Šídák’s 
multiple comparison tests to calculate p values and 
considered p<0.05 statistically significant. The OHSU 
institutional review board approved this study, and 
participants provided written informed consent. 

We enrolled 55 participants, 37 (67%) female and 
18 (33%) male; mean age was 53 years. Eleven (20%) 
preboost samples and 15 (27%) postboost samples 
were positive for nucleocapsid antibodies. We includ-
ed those samples to demonstrate generalized boosting 
in a population with heterogenous exposure history; 
however, removing those participants from analysis 
resulted in similar antibody induction by XBB.1.5 vac-
cination (Appendix Figure, panels A, B). The XBB.1.5 
vaccine boosted total serum spike RBD–specific IgG/
A/M; after boosting, geometric mean titers (GMT) 
rose 1.7-fold from 293 (95% CI 195–442) to 174 (95% 
CI 124–244) (p<0.0001). IgG isotypes demonstrated 
a greater increase than IgA isotypes (IgG postboost 
GMT 267 [95% CI 196–363], preboost GMT 130 [95% 
CI 95.7–176], a 2.1-fold change [p<0.0001]; IgA post-
boost GMT 96.1 [95% CI 74.6–124], preboost GMT 
62.8 [95% CI 50.3–78.3], a 1.5-fold change [p = 0.0002]).
The reason for this difference is unclear. IgM isotypes 
trended toward a slight increase, likely because IgM 
is short-lived; postboost GMT was 76.6 (95% CI 57.6–
102) versus preboost GMT 57.1 (95% CI 44.5–73.2), a 
1.3-fold change (p = 0.1548) (Figure, panel B). Of note, 
the XBB.1.5 vaccine boosted neutralizing titers against 
the wild-type strain; postboost GMT was 11,905 (95% 
CI 8,454–16,766) versus preboost GMT 5,518 (95% CI 
3,899–7,809), a 2.1-fold change (p<0.0001). The vaccine 
also boosted neutralizing titers against the vaccine-
matched XBB.1.5 variant; postboost GMT was 838 
(95% CI 548–1,281) versus preboost GMT 114 (95% CI 
80.9–162), a 7.4-fold change (p<0.0001). In addition, the 
vaccine boosted neutralizing titers against EG.5.1 by 
10.5 fold (postboost GMT 824 [95% CI 518–1,311] vs. 
preboost GMT 78.3 [95% CI 55.0–112]; (p<0.0001), and 
the JN.1 variant by 4.7 fold (postboost GMT 361 [95% 
CI 270–483] vs. preboost GMT 77.6 [95% CI 60.7–99.2]; 
p<0.0001) (Figure, panel C).

To assess changes in the proportion of serum 
antibodies with neutralizing capacity, we divided 
the serum neutralizing titer against each variant 
by the total IgG/A/M titer to produce a neutral-
izing potency index (NPI). The NPI against wild-
type strain was unchanged by XBB.1.5 monovalent 
vaccination. That finding is likely explained by pre-
existing neutralizing immunity that is dominated 
by responses against ancestral epitopes. However, 

Because novel SARS-CoV-2 variants continue to emerge,  
immunogenicity of XBB.1.5 monovalent vaccines against 
live clinical isolates needs to be evaluated. We report 
boosting of IgG (2.1×), IgA (1.5×), and total IgG/A/M 
(1.7×) targeting the spike receptor-binding domain and 
neutralizing titers against WA1 (2.2×), XBB.1.5 (7.4×), 
EG.5.1 (10.5×), and JN.1 (4.7×) variants.

RESEARCH LETTERS



1284 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 6, June 2024

RESEARCH LETTERS

the XBB.1.5 vaccine elicited an NPI increase against 
XBB.1.5, EG.5.1, and JN.1 variants (Appendix Fig-
ure, panel C).

Our results demonstrated that, before vaccina-
tion, persons have low titers of antibodies capable 
of neutralizing XBB.1.5, EG.5.1, and JN.1, and that 
the XBB.1.5 monovalent vaccine increases the ca-
pacity of serum antibodies to neutralize contempo-
rary variants. IgG, IgA, and total IgG/A/M titers 
were boosted, which likely includes expansion of 
a nonneutralizing compartment may influence dis-
ease severity and longer-term protection through 
Fc effector functions (5). Indeed, the XBB.1.5 mon-
ovalent vaccine was reported to reduce risk for 
COVID-19 hospitalization by 76.1% in Denmark 
(6). In the United States, an analysis of 2 vaccine 
effectiveness data networks estimated 52% (95% CI 
47%–57%) and 43% (27%–56%) vaccine effective-
ness against hospitalization (7). 

In summary, these data provide direct evidence for 
immunogenicity of XBB.1.5 monovalent vaccines against 
SARS-CoV-2 variants and supports public health rec-
ommendations to stay current with adapted COVID-19 
vaccines. Neutralizing antibodies were boosted against 
the wild-type, vaccine-matched, and emergent strains, 
suggesting that updated vaccines enhance protection 
against infection by historic and novel variants.

This article was preprinted at https://www.medrxiv.org/
content/10.1101/2024.03.25.24304857v1.
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Figure. SARS-CoV-2 antibody titers in an evaluation of humoral immunity elicited by XBB.1.5 monovalent COVID-19 vaccine. A) 
Duplicate wells infected with live SARS-CoV-2 virus at serially diluted titers. OD was measured at 492 nm using a CLARIOstar plate 
reader (BMG LABTECH, https://www.bmglabtech.com). Wells were stained and counted to create representative FRNT50 curve 
at right. B) Preboost and postboost serum antibody isotype titers against spike RBD. C) Neutralizing titers against live ancestral 
(WT) SARS-CoV-2 and variants. GMT for each bar was calculated in Prism (GraphPad Software Inc., https://www.graphpad.com). 
All individual data points are displayed as filled circles. Boost ratios were calculated by dividing the post-XBB.1.5 vaccination GMT 
(postboost) by pre-vaccination GMT (preboost). Reported p values were calculated using restricted effect maximum-likelihood 
model (B) or 1-way repeated measures analysis of variance (C) with Šídák’s multiple comparisons tests. EC50, 50% ELISA effective 
concentration; FRNT50, 50% focus reduction neutralization; GMT, geometric mean titer; LOD, lower limit of detection; OD, optical 
density; WT, wild-type. 
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Infection caused by highly pathogenic avian in-
fluenza viruses (HPAIVs) have caused major 

economic losses in the poultry industry and pose 
a serious threat to public health. The A/goose/
Guangdong/1/1996 (gs/GD) lineage of H5 HPAIV 
emerged in China in 1996 and diverged into 10 ge-
netically independent hemagglutinin (HA) clades 
(0–9) and subclades (1). The gs/GD lineage of H5 
HPAIV has caused outbreaks worldwide, infecting 
a range of wildlife, poultry, and humans (1). Clade 
2.3.4.4 H5Nx HPAIV containing multiple neuramini-
dase (NA) subtypes (2) has dominated outbreaks 
worldwide from 2014 onwards and further divided 
into subclades 2.3.4.4a–h (3). Currently, clade 2.3.4.4b 
H5N1 HPAIV is predominant globally after causing 
outbreaks in Europe in the fall of 2020 and in Africa, 
the Americas, Asia, and Antarctica (4–7).

During October 2022–March 2023, a total of 16 
different genotypes of H5N1 2.3.4.4b HPAIV caused 
outbreaks in South Korea, including 174 cases in wild 
birds (8). Based on the available surveillance data, no 
new virus incursions have occurred in South Korea 
during summer and fall 2023. National surveillance 

1These authors contributed equally to this article.

We isolated novel reassortant avian influenza A(H5N6) 
viruses containing genes from clade 2.3.4.4b H5N1 virus 
and low pathogenicity avian influenza viruses in carcass-
es of whooper swans and bean geese in South Korea 
during December 2023. Neuraminidase gene was from a 
clade 2.3.4.4b H5N6 virus infecting poultry and humans 
in China.
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for HPAIV began in South Korea in the fall of 2023. 
We isolated 3 H5N6 HPAIVs from wild bird carcass-
es found in South Korea during December 2023 (A/
whooper swan/Korea/23WC075/2023[H5N6], A/ 
whooper swan/Korea/23WC116/2023[H5N6], and 
A/bean goose/Korea/23WC111/2023[H5N6]) (Ap-
pendix Table 1, https://wwwnc.cdc.gov/EID/article/ 
30/6/24-0192-App1.pdf). We conducted next-gener-
ation sequencing of the isolates and shared complete 
genome sequences publicly. We conducted compara-
tive phylogenetic analysis to infer the origin and evo-
lution of the viruses.

All H5N6 isolates were identified as HPAIVs 
based on the presence of multiple basic amino acids at 
the HA proteolytic cleavage site (REKRRKR/GLF). 
BLAST inquiries of the GISAID database (https://
www.gisaid.org) indicated all 8 genes shared the 
highest nucleotide sequence identity (99.77%–100%) 
with a clade 2.3.4.4b H5N6 virus identified from a 
peregrine falcon in 2023 in Japan (A/peregrine fal-
con/Saga/4112A002/2023[H5N6]), harboring the 
same genome constellation as the H5N6 viruses in 
South Korea (Table). The HA gene clustered with 
the major genotype a of the H5N1 clade 2.3.4.4b 
HPAIV that circulated during 2022–2023 in South 
Korea (8). The NA gene of H5N6 virus clustered 
with H5N6 HPAIV from China, previously isolated 
in poultry and humans in 2018, but other internal 

genes were genetically distinct. Polymerase basic 1 
and matrix protein genes also clustered with 2022–
2023 H5N1 HPAIVs from South Korea. Polymerase 
basic 2, polymerase acidic, nucleoprotein, and non-
structural genes clustered with low-pathogenic-
ity avian influenza viruses in Eurasia (Appendix  
Figure 2).

Estimated time to most recent common ancestor 
(tMRCA) of each gene of the H5N6 viruses and the 
A/peregrine falcon/Saga/4112A002/2023(H5N6) 
ranged from February through November 2023 
(Figure; Appendix Table 2). On the basis of overlap 
between the 95% highest posterior density intervals 
of tMRCA, we assume the novel reassortant H5N6 
viruses emerged around August–October 2023 and 
were introduced into Japan and South Korea. Maxi-
mum clade credibility tree of the NA gene revealed 
the wild bird H5N6 viruses from Japan and South 
Korea shared a common ancestor with the human 
infection case of H5N6 virus (A/Changsha/1/2022) 
from China. Since 2014, a total of 90 human cases of 
H5N6 infection have been reported in China;w most 
infections were reported after 2021 (9; https://iris.
who.int/handle/10665/375483). The tMRCA of 
the wild bird H5N6 viruses from Japan and Korea 
and the human infection H5N6 virus from China is 
estimated to be June 12, 2022 (95% highest poste-
rior density December 7, 2021–November 10, 2022) 

 
Table. Nucleotide sequence identities between gene segments of novel clade 2.3.4.4b highly pathogenic avian influenza A(H5N6) 
virus isolate A/whooper_swan/Korea/23WC075/2023 from South Korea and nearest top 3 homologs in the GISAID EpiFlu database* 

Gene Top 3 query Accession no. 
Nucleotide 

identity % Identity 
PB2 A/peregrine falcon/Saga/4112A002/2023 (A/H5N6) segment 1 (PB2) EPI2898974 2280/2280 100.00 

A/environment/chongqing/1795/2023 (A/H9N2) segment 1 (PB2) EPI2841012 2271/2280 99.61 
A/environment/Kagoshima/KU-I6/2021 (H4N6) (A/H4N6) segment 1 (PB2) EPI2553141 2253/2280 98.82 

PB1 A/peregrine falcon/Saga/4112A002/2023 (A/H5N6) segment 2 (PB1) EPI2898975 2273/2274 99.96 
A/egret/Korea/22WC394/2023 (A/H5N1) segment 2 (PB1) EPI2743089 2271/2274 99.87 

A/common buzzard/Korea/22WC336/2023 (A/H5N1) segment 2 (PB1) EPI2742993 2271/2274 99.87 
PA A/peregrine falcon/Saga/4112A002/2023 (A/H5N6) segment 3 (PA) EPI2898976 2150/2151 99.95 

A/common teal/Amur region/92b/2020 (A/H6N2) segment 3 (PA) EPI1849993 2142/2151 99.58 
A/mallard/Russia Primorje/94T/2020 (A/H1N1) segment 3 (PA) EPI1849961 2141/2151 99.54 

HA A/peregrine falcon/Saga/4112A002/2023 (A/H5N6) segment 4 (HA) EPI2898977 1700/1704 99.77 
A/environment/Kagoshima/KU-G4/2022 (H5N1) (A/H5N1) segment 4 (HA) EPI2789597 1697/1704 99.59 
A/environment/Kagoshima/KU-D4/2022 (H5N1) (A/H5N1) segment 4 (HA) EPI2789589 1697/1704 99.59 

NP A/peregrine falcon/Saga/4112A002/2023 (A/H5N6) segment 5 (NP) EPI2898978 1496/1497 99.93 
A/gadwall/Novosibirsk region/3407k/2020 (A/H4N6) segment 5 (NP) EPI1849870 1479/1497 98.80 
A/mallard/Novosibirsk region/3286k/2020 (A/H4N6) segment 5 (NP) EPI1849878 1478/1497 98.73 

NA A/peregrine falcon/Saga/4112A002/2023 (A/H5N6) segment 6 (NA) EPI2898979 1377/1380 99.78 
A/duck/Hunan/S40199/2021(H5N6) (A/H5N6) segment 6 (NA) EPI1997201 1360/1380 98.55 

A/Changsha/1/2022 (A/H5N6) segment 6 (NA) EPI2287050 1359/1380 98.48 
M A/peregrine falcon/Saga/4112A002/2023 (A/H5N6) segment 7 (MP) EPI2898980 982/982 100.00 

A/northern pintail/Kagoshima/KU-64/2022 (H5N1) (A/H5N1) segment 7 (MP) EPI2794001 980/982 99.80 
A/environment/Kagoshima/KU-B4/2022 (H5N1) (A/H5N1) segment 7 (MP) EPI2789385 980/982 99.80 

NS A/peregrine falcon/Saga/4112A002/2023 (A/H5N6) segment 8 (NS) EPI2898981 837/838 99.88 
A/bean goose/Korea/KNU-10/2022 (A/H10N7) segment 8 (NS) EPI2873490 836/838 99.76 
A/bean goose/Korea/KNU-14/2022 (A/H6N1) segment 8 (NS) EPI2873460 836/838 99.76 

*GISAID, https://www.gisaid.org; HA, hemagglutinin; P, matrix; NA, neuraminidase; NP, nucleoprotein; NS, nonstructural; PA, 
polymerase acidic; PB, polymerase basic.  
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(Figure; Appendix Table 2). The ancestral H5N6 
HPAIV circulating in China potentially donated 
the NA gene to the clade 2.3.4.4b H5N1 virus in late 
2022. The N6 gene of current and ancestral H5N6 
HPAIV possessed a stalk deletion potentially ac-
quired during the circulation of viruses in domestic 
poultry (10).

The H5N6 viruses possessed molecular markers 
T188, V210, Q222, and G224 in HA, which are associ-

ated with binding affinity to α-2,3 sialic acid recep-
tors. We observed S133A and T156A mutations in 
HA, known to be associated with increased bind-
ing to α-2,6 sialic acid receptors. We observed L89V 
in polymerase basic 2, but not Q591K, E627K, and 
D701N. We also observed D622G in polymerase basic 
1, N30D and I43M in matrix 1, and P42S in nonstruc-
tural protein 1, which are associated with increased 
virulence in mice (10).

Figure. Exploration of most common ancestors for novel reassortant highly pathogenic avian influenza A(H5N6) clade 2.3.4.4 b isolates 
recovered from wild birds, South Korea. A) Maximum clade credibility tree of viruses found in the carcasses of whooper swans and 
bean geese in South Korea, December 2023. Tree was constructed using the hemagglutinin gene of the H5N6 viruses. Red indicates 
H5N6 isolates from South Korea and Japan. The timescale is shown on the horizontal axis in decimal years. Node bars represent 95% 
highest posterior density of the heights. Accession numbers beginning with EPI indicate isolates from the GISAID database (https://www.
gisaid.org). B) Temporal schematic of the reassortant genome constellation of the novel reassortant H5N6 viruses from South Korea. 
Gene segments originating from H5N1 HPAIVs (red), LPAIVs (green), and H5N6 (blue) HPAIVs are indicated. Shade bars represent 
95% highest posterior density range of time to most recent common ancestor. Circles represent the mean time to most recent common 
ancestor. HPAIV, highly pathogenic avian influenza virus; LPAIV, low-pathogenicity avian influenza viruses.
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Previous reports suggest the genomes of clade 
2.3.4.4b are evolving through frequent genome re-
assortments, forming transient and diverse genome 
constellations change with no apparent pattern of 
gene segment association (8). Detection of H5N6 
HPAIVs from wild birds in South Korea and Japan 
during the 2023–24 wintering season and our phylo-
genetic analysis suggest H5N6 HPAIVs most likely 
descended from clade 2.3.4.4b H5N1 viruses circu-
lating during 2022–2023, evolved from reassortment 
with other low-pathogenicity avian influenza viruses 
and HPAIVs, and were introduced into South Korea 
and Japan by wild birds during the fall migration sea-
son. Enhanced genomic surveillance of HPAIVs in 
wild birds is needed for early detection and monitor-
ing of further evolution and spread of viruses.
This research was financially supported by a grant from 
National Institute of Wildlife Disease Control and  
Prevention (NIWDC) (grant no. 2023-016) and the  
Ministry of Environment, Republic of Korea.
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Ensitrelvir fumaric acid (hereafter ensitrelvir) is a 
drug that inhibits the 3-chymotrypsin-like protease 

of SARS-CoV-2, also known as nonstructural protein 
5 (NSP5), thereby inhibiting virus replication (1–3). 
Ensitrelvir was first approved for use in Japan on No-
vember 22, 2022. After drug approval, ensitrelvir was 
prescribed widely after March 2023 by many internal 
medicine clinics throughout Japan for COVID-19 treat-
ment; indeed, 227,216 doses have been distributed 
in Japan since March 31, 2023 (4). However, in other 
countries, ensitrelvir prescriptions have been limited to 
clinical trials. To track emergence of SARS-CoV-2 mu-
tations conferring resistance to ensitrelvir, we searched 
the GISAID EpiCoV database (https://www.gisaid.
org), which contains virus genome sequences collected 
from COVID-19 patients worldwide.

We counted the number of SARS-CoV-2 cases 
that had NSP5 amino acid substitutions conferring 
ensitrelvir resistance (5–8) from March 31, 2023, the 
date ensitrelvir was first prescribed by general in-
ternal medicine clinics, through December 31, 2023 
(Table). Although the occurrence of some NSP5 
amino acid substitutions showed a regional bias, 
most were not associated with ensitrelvir prescrip-
tion. For example, of the 77 sequences harboring the 
M46I amino acid substitution in NSP5 observed in the 
United States, 66 were identified in specimens collect-
ed during the same period in May 2023, suggesting 
an association with a cluster that likely arose from 
a sporadic occurrence. However, the M49L amino 
acid substitution in NSP5, which confers ensitrelvir 

resistance without attenuating virus infection both 
in vitro and in vivo (5), was observed in 256/49,414 
(0.55%) virus sequences from Japan. By comparison, 
the M49L substitution was observed in 277/845,796 
(0.03%) virus sequences deposited globally in the 
GISAID database; therefore, 92.4% of the deposited 
M49L mutant sequences of NSP5 were from Japan. 
The M49L substitution is caused by transversion of 
adenine at position 10199 within the SARS-CoV-2 
NSP5 coding sequence to either cytosine or uracil. Of 
the 277 sequences with the M49L amino acid substitu-
tion, 89 (32.1%) had g.10199A>C, and 188 (67.9%) had 
g.10199A>U nucleotide mutations. Only 2 sequences 
had g.10199A>G transitions despite transitions gen-
erally occurring more frequently than transversions, 
which indicates ensitrelvir exerts high selective pres-
sure on SARS-CoV-2 in COVID-19 patients. The 
number of virus sequences with M49L substitutions 
began to increase in June, peaked in September, and 
then decreased in November of 2023, a pattern cor-
responding to the number of COVID-19 cases ob-
served throughout Japan during that period (Figure). 
In Japan, the monthly occurrence rate of ensitrelvir-
resistant SARS-CoV-2 infections was significantly 
higher during the 9 months after initiating wide-
spread ensitrelvir prescriptions than during the pre-
ceding period (Appendix Figure 1, https://wwwnc. 
cdc.gov/EID/article/30/6/24-0023-App1.pdf).

We constructed a phylogenetic tree as described 
previously (9). We downloaded whole-genome se-
quences from 277 SARS-CoV-2 mutants collected glob-
ally during March 31–December 31, 2023, and con-
structed the tree by using Nextstrain (https://www.
nextstrain.org) and 570 reference genomes (Appendix 
Figure 2). Single sporadic occurrences of ensitrelvir-
resistant mutants that were not linked to each other 
in the phylogenetic tree were counted if only 1 case 
occurred in a clade or if 1 case occurred >2 segments 
downstream of different branches from other cases be-
longing to the same clade, as described previously (9). 
Sporadic occurrence of g.10199A>C was detected 24 
times and g.10199A>U was detected 22 times.

Although SARS-CoV-2 g.10199A>C and 
g.10199A>U mutations were detected nationwide in 
Japan, they were more frequent in populated met-
ropolitan areas (Appendix Figure 3). Sporadic oc-
currence of mutants not linked to human-to-human 
virus transmission within a prefecture was defined 
as detection of 1 genome with either the g.10199A>C 
or g.10199A>U mutation or defined as detection of 1 
mutant genome collected >1 month apart from oth-
ers. We considered >105 genome mutations, 46 with 
g.10199A>C and 59 with g.10199A>U, to be sporadic 1Current affiliation: ACEL Inc., Kanagawa, Japan.

Using the GISAID EpiCoV database, we identified 256 
COVID-19 patients in Japan during March 31–Decem-
ber 31, 2023, who had mutations in the SARS-CoV-2 
nonstructural protein 5 conferring ensitrelvir resistance. 
Ongoing genomic surveillance is required to monitor 
emergence of SARS-CoV-2 mutations that are resistant 
to anticoronaviral drugs.
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occurrences (Appendix Figure 3), suggesting that 
ensitrelvir-resistant SARS-CoV-2 emerges frequent-
ly in Japan.

In conclusion, COVID-19 patients in Japan are usu-
ally prescribed ensitrelvir immediately after receiving 
positive results from a rapid immunochromatographic 
SARS-CoV-2 test. The Japan Ministry of Health, La-
bour and Welfare has conducted surveillance by using 
next-generation sequencing to enable rapid detection 
of drug-resistant SARS-CoV-2 (10). We examined the 
occurrence of ensitrelvir-resistant SARS-CoV-2 after 
widespread ensitrelvir prescription in Japan. Repli-
cation of those ensitrelvir-resistant mutant viruses in 
individual patients is thought to be driven predomi-
nantly by selective pressure exerted by the drug, lead-
ing to sporadic occurrence. The decreased occurrence 
of ensitrelvir-resistant SARS-CoV-2 after October 1, 

2023, might be because patients are required to pay a 
portion of their medical costs, which could thereby de-
crease the number of ensitrelvir prescriptions. Increas-
ing use of ensitrelvir worldwide will likely increase the 
frequency of mutations in SARS-CoV-2 causing ensi-
trelvir resistance. Ongoing genome surveillance us-
ing next-generation sequencing is required to monitor 
emergence of SARS-CoV-2 mutants that are resistant 
to anticoronaviral drugs.
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Table. Number of mutations in NSP5 causing ensitrelvir resistance during March 31–December 31, 2023, in study of sporadic 
occurrence of ensitrelvir-resistant SARS-CoV-2, Japan* 

Amino acid substitutions‡ 
No. cases from GISAID database† 

Globally Japan China United States Europe Others 
T45I 25 0 1 4 15 (60.0) 5 
D48Y 0 0 0 0 0 0 
M49I 90 6 0 77 (85.6) 5 2 
M49L 277 256 (92.4) 2 15 0 4 
M49T 1 0 0 0 0 1 
M49V 1 0 0 1 0 0 
L50F 85 6 2 31 26 20 
P52L 4 2 0 0 0 2 
Y54C 0 0 0 0 0 0 
S144A 4 2 0 0 1 1 
E166A 1 1 0 0 0 0 
E166V 23 0 1 4 10 8 
L167F 0 0 0 0 0 0 
P168del 4 0 0 0 0 4 
A173T 23 0 1 6 11 5 
A173V 23 2 0 6 3 12 (52.2) 
Q192R 2 0 0 0 1 1 
*Numbers in parentheses are percentages of total global cases (if a particular mutation was found in >10 cases and was responsible for >50% of global 
cases). del, deletion; NSP5, nonstructural protein 5.  
†Sequences were extracted from the GISAID EpiCoV database (https://www.gisaid.org). 
‡Amino acid substitutions in NSP5 that trigger emergence of ensitrelvir-resistant SARS-CoV-2 (5–8). 

 

Figure. Sporadic occurrence 
of ensitrelvir-resistant SARS-
CoV-2 mutants during December 
2022–December 2023 in Japan. 
Solid line indicates the average 
number of COVID-19 cases. 
Weekly numbers of SARS-CoV-2 
sequences harboring g.10199A>U 
and g.10199A>C mutations within 
nonstructural protein 5 were 
extracted from the GISAID EpiCoV 
database (https://www.gisaid.
org). Number of mutations were 
aligned on the same time axis 
as the weekly average number 
of COVID-19 patients identified 
at ≈5,000 sentinel hospitals organized by the Japan Ministry of Health, Labor and Welfare. Scales for the y-axes differ substantially to 
underscore patterns but do not permit direct comparisons.
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Food irradiation has been studied globally for de-
cades and is a safe, effective means of reducing 

foodborne illness–causing pathogens, sterilizing in-
sects, delaying ripening or sprouting, and extend-
ing shelf life (1,2). The US Food and Drug Adminis-
tration has approved various foods for irradiation, 
including meat, poultry, fresh shell eggs, and spices 
(2) (Appendix Table, https://wwwnc.cdc.gov/EID/
article/30/6/23-0922-App1.pdf). However, irradia-
tion has not been widely adopted in the United States 
because of large fixed costs and the perception of con-
sumer unwillingness to purchase irradiated food (3). 
Estimates of the amount of irradiated food available 
in the United States are scarce, but as of 2010, approxi-
mately one third of spices consumed and <0.1% of im-
ported fruit, vegetables, and meats were irradiated (3).

Campylobacter, Salmonella, Escherichia coli, and 
Listeria monocytogenes are among the most common 
bacterial foodborne pathogens causing illnesses, 
hospitalizations, and death in the United States (4) 
and can be neutralized by irradiation at sufficient 
doses (5). We identified outbreaks caused by these 
pathogens and linked to irradiation-eligible foods; 
then, we determined whether any of the foods had 
been irradiated.

In the United States, the Foodborne Disease 
Outbreak Surveillance System (FDOSS) collects in-
formation from state, local, and territorial health de-
partments about foodborne disease outbreaks. The 
National Outbreak Reporting System, launched in 

Food irradiation can reduce foodborne illnesses but is 
rarely used in the United States. We determined whether 
outbreaks related to Campylobacter, Salmonella, Esch-
erichia coli, and Listeria monocytogenes were linked to 
irradiation-eligible foods. Of 482 outbreaks, 155 (32.2%) 
were linked to an irradiation-eligible food, none of which 
were known to be irradiated.
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2009, reports information gathered by FDOSS, includ-
ing food processing methods such as shredding, pas-
teurizing, or irradiation. We searched for foodborne 
disease outbreaks reported and finalized through 
FDOSS and the National Outbreak Reporting System 
as of February 4, 2022, for which the date of first illness 
onset occurred during 2009–2020 and a confirmed 
pathogen was Campylobacter, Salmonella, E. coli, or 
Listeria monocytogenes. A foodborne disease outbreak 
was defined as >2 illnesses linked to a common expo-
sure with evidence suggesting a food source. FDOSS 
variables we examined included method of process-
ing, food vehicle, Interagency Food Safety Analytics 
Collaboration (IFSAC) food category, and the number 
of estimated primary illnesses, hospitalizations, and 
deaths. We grouped outbreaks by IFSAC category 
and irradiation approval status (eligible, some foods 
eligible, not yet eligible, or undetermined) (Appendix 
Table). We conducted a literature review to identify 
outbreaks not captured through FDOSS. We obtained 
foods approved for irradiation for pathogen reduc-
tion and approval years from the Code of Federal 
Regulations 21 Part 179 (Appendix Table).

In FDOSS, we identified 2,153 foodborne out-
breaks during 2009–2020 caused by Campylobacter, 
Salmonella, E. coli, or Listeria monocytogenes. Of those, 
482 (22.4%) included information regarding process-
ing methods other than unknown or a missing value; 
none had irradiation listed as a processing method. 
Of the 482 outbreaks, 155 (32.2%) were linked to a 
food eligible for irradiation when the onset of the first 
reported illness occurred; those outbreaks resulted 
in 3,512 illnesses, 463 hospitalizations, and 10 deaths 
(Appendix Table). The most common sources were 
chicken (52 outbreaks), beef (31), and eggs (29), com-
prising 72% (112/155) of outbreaks linked to irradia-
tion-eligible foods.

During our literature search, we identified 1 out-
break linked to food that might have included an ir-
radiated ingredient. During 2009–2010, Salmonella 
enterica serotype Montevideo was found in imported 
pepper used in ready-to-eat salami (6). Some of the 
manufacturer’s pepper was reportedly irradiated, but 
some was not. Whether the implicated product con-
tained irradiated pepper is unclear. Irradiation was 
not reported as a processing method for the outbreak 
in FDOSS. After consultation with the Centers for 
Disease Control and Prevention outbreak investiga-
tion team, we determined there was insufficient evi-
dence to link that outbreak to irradiated pepper.

The illnesses, hospitalizations, and deaths asso-
ciated with outbreaks linked to irradiation-eligible 
foods might have been prevented or reduced had 

these foods been irradiated. Irradiation has repeat-
edly been proposed as a strategy to reduce foodborne 
disease outbreaks (5,7,8). Irradiation typically elimi-
nates a large proportion of pathogenic microorgan-
isms. The efficacy of irradiation depends on factors 
like temperature and water content (9). Food may be-
come contaminated after irradiation. Irradiation can 
be a useful tool in improving food safety complemen-
tary to existing food safety practices. Consumer de-
mand for irradiated foods may be increased through 
education (10).

The first limitation of our study is that IFSAC 
food categories do not always correspond to food 
groups approved for irradiation by the US Food and 
Drug Administration (Appendix Table); therefore, 
misclassification of irradiation approval status might 
have occurred for some foods. Reporting of outbreaks 
to FDOSS is voluntary, and processing method infor-
mation was frequently missing, so irradiation might 
have been underreported or unrecognized by public 
health partners because of limited knowledge of irra-
diation or unfamiliarity with labeling. For outbreaks 
with multiple etiologies including a pathogen other 
than the 4 of interest, irradiation might not have re-
duced those pathogens.

We identified 155 Campylobacter, Salmonella, E. 
coli, or Listeria monocytogenes outbreaks with a known 
method of processing that were linked to irradiation-
eligible foods during 2009–2020; none of the impli-
cated foods were reported as irradiated. These results 
suggest that some outbreaks could be prevented or 
mitigated through irradiation. Prioritizing food irra-
diation efforts, particularly for chicken, beef, and eggs, 
could substantially reduce outbreaks and illnesses.
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In July 2018, after 60 years of endemic circulation in 
European wild rabbits (Oryctolagus cuniculus), myx-

oma virus (MYXV) jumped to the Iberian hare (Lepus 
granatensis) (1). This species jump resulted from the 
emergence of a recombinant strain of MYXV, named 
ha-MYXV, containing a 2.8-kb insertion derived from 
an unknown poxvirus (2,3). Outbreak notifications 
rapidly spread across the Iberian Peninsula, resulting 
in an estimated mean mortality rate of 55.4% (median 
70%) in hares (4). Concerns were raised about the ef-
fect of myxomatosis on the Iberian hare populations 
(4). We investigated those concerns and determined 
how myxomatosis affected Iberian hares by evalu-
ating hare abundance indexes before and after the 
emergence of ha-MYXV.

We used hunting bag data to approximate 
population abundance (5). We collected information 
on hunting yields from hunting grounds in Portugal 
and the most affected regions of Spain, Andalusia, 
and Castilla-La Mancha during the hunting seasons 
(October–February) spanning from 2007–08 to 2020–21. 
Our study period includes 11 seasons before ha-MYXV 
emergence (premyxomatosis), from 2007–08 to 2017–18, 

The myxoma virus species jump from European 
rabbits (Oryctolagus cuniculus) to Iberian hares (Lepus 
granatensis) has raised concerns. We assess the 
decline suffered by Iberian hare populations on the 
Iberian Peninsula and discuss the association between 
the effect of myxomatosis and the average abundance 
index, which we estimated by using hunting bags.
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and 3 after (postmyxomatosis), from 2018–19 until 2020–
21. For each hunting ground and season, we estimated 
the abundance index as the number of hares hunted per 
square kilometer. We used analysis of variance tests to 
evaluate the differences between abundance indexes. 
We gathered data on myxomatosis outbreaks from 
nationwide passive surveillance efforts conducted after 
the first case reports. We used the coefficient (−1 to 1) 
obtained from the linear regression between hunting 
yields and hunting seasons to compute population trends 
(6) for the study period and the premyxomatosis period. 
Because the postmyxomatosis period was too short to 
estimate population trends accurately, we calculated the 
disease effect as the difference between the global and 

the premyxomatosis trends. We estimated the threshold 
of premyxomatosis abundance index from which >50% 
of populations were negatively affected by the disease.

We found a reduction of 77.2% in hares hunted 
during the study period (Figure 1, panel A). In the 
decade preceding the first myxomatosis outbreak, a 
smooth negative population trend was noted (https://
www.intechopen.com/chapters/71640), with a mean 
annual reduction of 3.2% and a total decline of 29.6% 
in the number of hunted Iberian hares (Figure 1, panel 
A). Coinciding with the emergence of ha-MYXV, 
the highest annual decline of 51.5% occurred from 
2017–18 to 2018–19 (Figure 1, panel A). This decrease 
was 57.1% in Andalusia and 50.9% in Castilla-La 

Figure. Evidence of the effect of myxomatosis outbreaks on Iberian hare (Lepus granatensis) populations and the link to the abundance 
index, in the Iberian Peninsula, after the initial species jump in 2018. A) Temporal evolution of the hunting yields from 2007–08 to 
2020–21, along with the number of confirmed myxomatosis cases per hunting season, in the studied regions. B) Comparison between 
the average overall abundance index (hunted hares/km2) in the premyxomatosis period versus the abundance index estimated for 
the postmyxomatosis period and the average overall abundance index versus the premyxomatosis period in hunting areas with 
reported outbreaks. C) Correlation between the estimated effect of myxomatosis (calculated as the difference between global and pre-
myxomatosis trends) and the pre-myxomatosis hare abundance index. The vertical line represents the premyxomatosis abundance 
index threshold (1.5 hunted hares/km2) from which most populations were negatively affected by disease. The dark gray buffer zone 
(trend values between −0.1 and 0.1) comprises hunting grounds excluded to account for the uncertainty of a trend proximate to zero. 
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Mancha. In Portugal, the decrease was only 10.0% 
but increased to 30.9% in the following hunting 
season (2019–20). This abrupt population decline 
could result from the rapid spread of ha-MYXV in the 
Iberian Peninsula (4). The number of hunted hares 
remained low after 2018, which is not suggestive 
of a postmyxomatosis recovery (Figure 1, panel A). 
Nevertheless, the evolution of hare population trends 
needs to be monitored over a longer period for more  
accurate inferences.

We found significant differences (p<0.05) between 
the mean abundance indexes in the premyxomatosis 
versus postmyxomatosis periods, demonstrating 
further evidence of the myxomatosis-related decrease 
in hare populations (Figure 1, panel B). Areas with 
confirmed cases showed higher premyxomatosis 
abundance indexes compared with the overall 
average in the same period (Figure 1, panel B). 
We found concordant results when investigating 
the association between the premyxomatosis hare 
abundance index and the estimated disease effect. We 
found that, above a threshold of abundance index, the 
estimated disease effect is likely negative (Figure 1, 
panel C). Lower abundances may act as a barrier to 
virus dispersal, limiting the effect of myxomatosis, 
as previously described in wild rabbits (7). Of note, 
the abundance index threshold estimated for the 
study area is low (1.5 hares hunted/km2) (Figure 
1, panel C), meaning most hunting grounds have 
surpassing abundance indexes (76.4% in Spain and 
51.0% in Portugal). This finding suggests ha-MYXV 
is highly effective in establishing itself in Iberian hare 
populations. The comparatively lower abundance 
indexes in Portugal may explain the lesser effect of 
myxomatosis in the Iberian Peninsula region.

The future evolution of myxomatosis in Iberian 
hare populations is uncertain, and concerns remain if 
myxomatosis will mimic the evolution documented 
in European wild rabbits. Hare populations were 
already in decline during the decade before the 
first myxomatosis outbreak. Information on hare 
population status was and still is scarce. To ensure 
the future sustainability of Iberian hares, long-
term and holistic conservation, management, and 
monitoring programs are needed, especially when 
worldwide viral emergence events have become 
increasingly more frequent in lagomorph species 
over the past decade (8,9). The conservation status of 
the Iberian hare across its distribution range should 
be continuously monitored and reassessed as needed. 
Our results indicate the decline suffered by Iberian 
hare populations in the past few years can be linked 
to the emergence of ha-MYXV.
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The humpback whale (Megaptera novaeangliae) is a 
mysticete with a cosmopolitan distribution, includ-

ing Brazil (1). Morbillivirus in cetaceans first occurred 
in 1988 in Europe. Since then, various strains of ceta-
cean morbillivirus (CeMV) have been associated with 
strandings of live and dead cetaceans worldwide (2). 

Two humpback whale specimens (MN1, MN2) 
stranded alive in southern Brazil in 2022 (Table; Ap-
pendix Figure 1, https://wwwnc.cdc.gov/EID/
article/30/6/23-1769-App1.pdf). Because of dete-
riorated health, the whales were euthanized. In both 
cases, anesthetic protocols were performed by intra-
muscular infusion, followed by intracardiac adminis-
tration of potassium chloride. 

We performed necropsies immediately after 
euthanasia, fixed organ samples in 10% formalin 
for histologic analysis, and froze samples at −20°C 
for molecular analysis. To determine the presence 
of morbillivirus, we obtained samples of cerebrum, 
cerebellum, lung, lymph node, and urinary blad-
der and applied immunohistochemistry techniques 
by using anti–canine distemper virus (monoclonal, 
1:400; VMRD, Inc., https://vmrd.com) as described 
(3). We also examined organ samples by reverse 
transcription PCR, subjecting cerebrum, cerebel-
lum, lungs, and lymph nodes to RNA extraction by 
using TRIzol LS Reagent (Thermo Fisher Scientific 
Inc., https://www.thermofisher.com) according to 
manufacturer instructions. We performed comple-
mentary DNA synthesis by using GoScript Reverse 
Transcriptase (Promega, https://www.promega.
com) and semi-nested PCR for detecting the L gene 
of paramyxoviruses by using GoTaq DNA poly-
merase (Promega) (4). We performed conventional 
PCR to detect the P gene, according to a published 
protocol (5). We purified positive reactions with 
the PureLink PCR purification kit (Thermo Fisher 
Scientific) and determined sequences by using the 
Sanger method (ABI PRISM 3100 genetic analyzer, 
Big-Dye Terminator v.3.1 Cycle Sequencing Kit; 
Thermo Fisher Scientific). We assembled sequences 
by using Geneious Prime version 2022.2.1 (Dotmat-
ics, https://www.dotmatics.com) and analyzed 
them through BLASTn (https://blast.ncbi.nlm.nih.
gov). For phylogenetic analysis, we retrieved se-
quences from GenBank and aligned using ClustalW 
with MEGA version 11 software (https://www.
megasoftware.net). Finally, we analyzed sequences 
through the maximum-likelihood method. 

MN1 was a juvenile male, 9.4 meters in length, 
with a poor body condition score. MN2 was a juvenile 
male, 11 meters in length, with a regular body condi-
tion score. Our microscopic investigations revealed 

Cetacean morbillivirus is an etiologic agent associated 
with strandings of live and dead cetacean species occur-
ring sporadically or as epizootics worldwide. We report 
2 cases of cetacean morbillivirus in humpback whales 
(Megaptera novaeangliae) in Brazil and describe the 
anatomopathological, immunohistochemical, and mo-
lecular characterization findings in the specimens.
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findings primarily related to the central nervous  
system (CNS) (Figure, panels A, B; Appendix Table), 
as well as moderate lymphoid depletion in mesen-
teric and mediastinal lymph nodes in both speci-
mens. Immunohistochemistry revealed discrete 
positive immunostaining in MN1 and marked posi-
tive immunostaining in MN2 for morbillivirus in 
astrocytes, neuronal cell bodies, and axons (Figure, 
panels C, D). In conducting reverse transcription 
PCR for MN1, we noted that the CNS tested posi-
tive for the L gene. Sequencing provided a 411-bp 
sequence (GenBank accession no. PP025976) that ex-
hibited high similarity with the sequence of Sotalia 
guianensis morbillivirus (GD-CeMV; accession no. 
MG845553.1), showing 99.03% identity and 100% 
coverage (Appendix Figure 2, panel A). We saw dif-
ferent RT-PCR results in MN2, where all examined 
organs tested positive for the P gene but negative 
for the L gene. We obtained a 303-bp sequence of 
the P gene (GenBank accession no. PP549531), which 
exhibited 100% identity and 100% coverage with the 

reference GD-CeMV sequence (6) (Appendix Figure 
2, panel B).

There are reports of CeMV in various cetaceans, 
but few reports for mysticetes (2). Morbillivirus has 
been identified in fin whales (Balaenoptera physalus) 
and is associated with death and strandings. The 
main findings included CNS lesions and lymphoid 
depletion (7). In odontocetes, the main findings re-
ported for GD-CeMV infection are CNS lesions and 
pneumonia (6). Our study observed alterations in the 
CNS (Appendix Table) and moderate lymphoid de-
pletion in lymph nodes. The first record of GD-CeMV 
occurred in Brazil in 2014 in a Guiana dolphin (Sotalia 
guianensis) (2,6). A highly similar sequence was also 
found in respiratory samples from healthy humpback 
whale using real-time RT-PCR (8). A retrospective 
study identified GD-CeMV in southern right whales 
(Eubalaena australis) (9).

For MN1, we were able to amplify a fragment of 
the morbillivirus L gene through seminested PCR, 
which we confirmed by sequencing, but not for the P 

 
Table. Stranding data from 2 humpback whale specimens in southern Brazil, 2022* 
Stranding data MN1 MN2 
Stranding date September 14, 2022 October 5, 2022 
Stranding location Mostardas, RS Jaguaruna, SC 
Geographic coordinates 30°49′34.4S, 50°33′59.2W 28°45′48.6S, 49°07′38.9W 
Carcass condition Fresh Fresh 
*MN, Megaptera novaeangliae; RS, Rio Grande do Sul State; SC, Santa Catarina state. 

 

Figure. Microscopic findings of 
cetacean morbillivirus infection 
in 2 humpback whales in 
southern Brazil, 2022 (Megaptera 
novaeangliae). A) Cerebral 
cortex from whale MN2,. Note the 
pronounced perivascular cuffs 
composed of lymphocytes and 
plasma cells, moderate gliosis, 
and discreet vacuolization of 
the white matter. Hematoxylin 
and eosin stain; original 
magnification ×200. B) Cerebral 
cortex from whale. Eosinophilic 
intracytoplasmic inclusion 
body in a neuronal cell (arrow). 
Hematoxylin and eosin stain; 
original magnification ×400. C) 
Cerebral cortex from whale MN2. 
Neurons and astrocytes show 
severe, multifocal, cytoplasmic 
immunostaining with a marked 
perivascular lymphoplasmacytic 
cuff. Immunohistochemistry 
anti-canine distemper virus, 
morbillivirus; original magnification 
×100. D) Cerebellum from MN2. 
Purkinje cells exhibit pronounced, multifocal, cytoplasmic immunostaining. Inset: Intense and granular immunostaining is observed in 
the cell body, in the dendrites of Purkinje cells, and occasionally in granule cells. Immunohistochemistry anti-canine distemper virus, 
morbillivirus; original magnification ×400.
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gene. For MN2, we could not amplify the L gene but 
did amplify the P gene using conventional PCR. Both 
L and P gene sequences are closely related to a similar 
sequence from a study conducted in 2018, in which 
not all tested cetaceans were positive for both genes 
(L and P) (6), supporting our findings. The humpback 
whale southwest Atlantic population follows its route 
between Antarctica and the Abrolhos Bank (northeast 
Brazil), which is distant from the southern coast of 
Brazil (1). Strandings in off-route areas and reduced 
body scores suggest a weak condition of the speci-
mens (1,2,6,7), a theory supported by our findings.

Our findings for the 2 humpback whales we 
evaluated, combined with those from other CeMV-
related studies, indicate that a highly related cluster 
of strains (GD-CeMV) is circulating in the south-
western Atlantic (6,8,9), as demonstrated by previ-
ous phylogeography (10). Considering the prior 
analysis of the partial P gene, CeMV strains are not 
restricted to specific regions because cetaceans are 
migratory and strains are not host specific (10). Our 
findings of nonsuppurative meningoencephalitis in 
these whales, caused by CeMV that shows similarity 
to GD-CeMV, provide evidence of this viral threat to 
these and other cetaceans.
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Severe fever with thrombocytopenia syndrome 
(SFTS) is an emerging disease caused by a novel 

tickborne bunyavirus, SFTS virus (SFTSV), which 
was first identified in China in 2009 (1). Outside of 
China, SFTS was subsequently reported in South 
Korea, Japan, Vietnam, Myanmar, and Pakistan and 
now poses a global health problem (2–6). SFTSV is an 
enveloped virus belonging to the genus Bandavirus, 
family Phenuiviridae, order Bunyavirales. The virus 
has 3 single-stranded negative-sense RNA segments, 
large (L), medium (M), and small (S) (1). The Hae-
maphysalis longicornis tick is widely considered to be 
the primary transmission vector (7), but the natural 
animal hosts of SFTSV remain uncertain. Despite the 
high seroprevalence observed in various domestic 
animals in SFTSV-endemic regions, such as goats, cat-
tle, dogs, pigs, chickens, and rodents, many of those 
animals do not show notable symptoms. Those infec-
tions were plausibly a result of SFTSV transmission 
from infected ticks (8).

We describe an outbreak of SFTS on a mink 
farm situated in Shandong, China. During late May 
through early July, 2022, >1,500 minks on this farm 
exhibited symptoms such as vomiting, diarrhea, 
and, in a small number, limb convulsions. Most 
minks exhibiting clinical manifestations died of 
the disease (Figure 1, panel A). Clinical manifesta-
tions included loose stools, mesenteric lymph node 

enlargement, and hyperemia (Figure 1, panels B 
and C), consistent with typical enteritis symptoms. 
Treatment with multiple antibiotics was not effec-
tive, and mink enteritis virus infection was ruled out 
through testing with a colloidal gold immunochro-
matographic assay. Intestinal tissue samples from 
minks with diarrhea (n = 10) were collected and for-
warded to the Harbin Veterinary Research Institute, 
Chinese Academy of Agricultural Sciences, Harbin, 
China, for testing.

To identify the causative pathogen, we tested 
tissue samples for mink enteritis virus, Aleutian 
mink disease virus, carnivore rotavirus, carnivore 
coronavirus, and SFTSV. Among those, only tests 
for SFTSV were positive; cycle threshold (Ct) val-
ues were 18–22 (positive samples Ct <36) using 
SFTSV-specific primers (9). We obtained the SFTSV 
isolate from the intestinal tissue samples through a 
series of blind passages. We visualized virus par-
ticles by negative staining and transmission elec-
tron microscopy analysis following a discontinu-
ous sucrose gradient purification. Virus particles 
presented the typical morphology of bunyavirus, 
as enveloped spherical particles with an average 
diameter of 100 nm (Figure 1, panel D). We then 
used immunofluorescence assays to analyze SFTSV 
nucleoprotein expression in Vero cells. We ob-
served the green fluorescence by using an inverted 
fluorescence microscope. The results showed that 
SFTSV nucleoprotein expression was detected in 
Vero cells (Figure 1, panels E and F). Those results 
together confirmed the isolate, named SD01/Chi-
na/2022, was SFTSV.

To obtain the complete genome of the SFTSV 
SD01/China/2022 isolate, we performed metage-
nomic next-generation sequencing to the sequence 
the RNA of the full-length genome. In brief, we 
constructed RNA sequencing libraries using the 
MGIEasy mRNA Library Prep Kit (BGI, https://
www.bgi.com). Subsequently, we generated 
paired-end reads (100 bp) of the RNA libraries 
on the BGISEQ-500RS sequencing platform (BGI). 
We determined the complete genomes of SD01/
China/2022, submitted to GenBank (accession 
nos. PP066883–5), and compared them with previ-
ously reported SFTSV strains. Phylogenetic analy-
sis suggested that the L, M, and S gene segments 
of SD01/China/2022 all descended from C3; the L 
and M gene segments were genetically closest to 
the SFTSV strains HB2016-003 Homo sapiens/Hu-
bei/China/2016 and the S gene segment was clos-
est to the SFTSV strains SDLZDog01/2011 dog/
China/2011 and SDPLP01/2011 Homo sapiens/ 1These authors contributed equally to this article.

We isolated severe fever with thrombocytopenia syn-
drome virus (SFTSV) from farmed minks in China, pro-
viding evidence of natural SFTSV infection in farmed 
minks. Our findings support the potential role of farmed 
minks in maintaining SFTSV and are helpful for the de-
velopment of public health interventions to reduce hu-
man infection.
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China/2011 (Figure 2, panels A–C, https://wwwnc. 
cdc.gov/EID/article/30/6/24-0283-F2.htm).

Previous research has shown the presence of anti-
bodies to the nucleoprotein of SFTSV in farmed minks 
and suggested that minks were infected with SFTSV 
in China (10). In this study, we successfully isolated 
and identified an SFTSV isolate, named SD01/Chi-
na/2022, in farmed minks in China. The symptoms of 
farmed minks in this case were consistent with SFTS 
symptoms, such as gastrointestinal disorders and cen-
tral nervous system manifestations, which proved the 
occurrence of natural SFTSV infection–related fatali-
ties in this population. Our findings reveal the threat 
of SFTS to the fur animal–breeding industry. Of note, 
phylogenetic analysis of the isolate indicated high 
homology with SFTSV strains in humans, suggesting 
that the viruses generally infected both humans and 
minks, further supporting the potential role of farm 
minks in maintaining SFTSV. Farmed minks have 

potential for direct contact with humans and might 
serve as crucial amplifying hosts in the transmission 
of SFTSV. Further analysis of SFTSV infection in other 
captive fur animals, such as raccoon dogs and foxes, 
will be required to determine other key reservoirs for 
SFTSV. We recommend a focus on the registration of 
mink exposure for humans with SFTS-like illnesses, 
as well as increased measures to reduce SFTSV expo-
sure risk. 
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Figure 1. Clinical 
manifestations, TEM analysis, 
and immunofluorescence 
assay findings in outbreak 
of natural severe fever with 
thrombocytopenia syndrome 
virus (SFTSV) infection in 
farmed minks, China. A–C) 
Clinical manifestations were 
death (A), loose stools (B), and 
enlargement and hyperemia of 
the mesenteric lymph nodes 
(C). D) Virus detection by 
TEM analysis showed typical 
enveloped virions (arrows). 
Scale bar indicates 200 nm. 
E, F) Immunofluorescent 
pictures of Vero cells infected 
with SFTSV SD01/China/2022 
isolate. Differences between 
the blank control (E) and green 
fluorescence (F) indicates 
SFTSV particles in the 
monolayer of Vero cells. Scale 
bars in panels E and F indicate 
75 µm.
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Coronaviruses are nothing new. Discovered 
in the 1930s, these pathogens have circulat-
ed among bats, livestock, and pets for years. 
Most coronaviruses never spread to people. 
However, because this evolutionary branch 
has given rise to three high-consequence 
pathogens, researchers must monitor ani-
mal populations and find new ways to pre-
vent spillover to humans.
In this EID podcast, Dr. Ria Ghai, an asso-
ciate service fellow at CDC, describes the 
many animals known to harbor emerging 
coronaviruses.
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To the Editor: We read with interest the re-
cent article by Mullen et al. (1) that describes asso-
ciations between Mycobacterium avium complex and 
Mycobacterium abscessus pulmonary disease preva-
lence and environmental exposures and risk fac-
tors. We applaud the innovation of efforts in states 
to better characterize nontuberculous mycobacteria  
(NTM) epidemiology.

In the discussion section of the article, the au-
thors reference a publication describing results 
from a surveillance pilot for pulmonary and ex-
trapulmonary NTM conducted by the Centers for 
Disease Control and Prevention (CDC) Emerging 
Infections Program’s Healthcare-Associated Infec-
tions–Community Interface Activity (2). The au-
thors state, “Our study differed from that [CDC] 
study in multiple ways. Of note, we included data 
from a state in the southeastern United States, a re-
gion not represented in the CDC surveillance data, 
and gathered comprehensive surveillance data for 

the entire state from statewide laboratories rather 
than individual sentinel laboratories” (1). Although 
none of the sites in the CDC surveillance pilot con-
ducted statewide surveillance for pulmonary NTM, 
we wish to clarify that the surveillance was active 
and also population-based (i.e., surveillance for iso-
lation of NTM among all residents of certain coun-
ties) and was not a surveillance based on sentinel 
laboratories. Of note, in 2024 we have also recently 
expanded the geographic scope of Healthcare-As-
sociated Infections–Community Interface Activ-
ity’s active, laboratory- and population-based NTM 
infection surveillance (including pulmonary NTM 
surveillance) to include Georgia as one of our sur-
veillance sites. This addition will improve the sur-
veillance program by adding representation from 
the southeastern United States.
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In 2014, the US Centers 
for Disease Control and 

Prevention launched a 
new set of core elements 
for acute-care hospitals to 
implement key strategies 
in antimicrobial steward-
ship (AS). Over the follow-
ing years, those guidelines 
were gradually expanded 
to include outpatient spac-
es and long-term care facil-
ities. However, uptake in 
these areas has remained 
sluggish in the United 
States, in part due to limited resource allocation, lack 
of supporting evidence, and competing healthcare pri-
orities. Antimicrobial Stewardship in Non-Traditional 
Settings offers a timely and comprehensive examina-
tion of AS implementation strategies and potential pit-
falls, emphasizing the importance and feasibility of AS 
beyond the confines of acute-care settings.

The book begins by highlighting the evolution 
of AS initiatives. Each subsequent chapter focuses 
on a distinct setting (e.g., long-term care facilities, 
ambulatory surgery centers, veterinary practices) 
or population (immunocompromised patients, pe-
diatrics). The authors provide targeted strategies 
and practical recommendations for initiating AS 
programs and address the unique challenges en-
countered in each environment.

The discussion of antimicrobial resistance in 
long-term care facilities in the United States pro-
vides perhaps the clearest picture of how guidance 
from the CDC and other professional societies can 
be applied. Implementing such guidelines in other 
settings remains a less precise practice, and it is 
in discussion of these settings that the book truly 
shines. For instance, in discussing outpatient clinics 
and emergency departments, the authors percep-
tively note predominant barriers to effective AS to 
be improper documentation, challenges in formulat-
ing local antibiograms, and inadequate standardiza-
tion of antibiotic use across facilities. The authors 
propose several solutions: use of rapid diagnostics, 

implementation of AS-friendly order-sets, and inclu-
sion of multidisciplinary teams to strengthen early 
recognition and intervention.

In chapter 5, the authors describe how ambula-
tory surgery centers, often the more lucrative divi-
sions within healthcare facilities, have increased 
incentives to reduce antimicrobial resistance and as-
sociated postsurgical complications. They propose 
that initiatives set forth in such well-funded facili-
ties (e.g., standardized approaches for wound clas-
sification, decolonization practices) offer a unique 
template for implementing similar AS initiatives in 
less-resourced areas, such as small-access hospitals 
and veterinary practices.

In the last chapters of the book, the authors dis-
cuss an imbalance regarding the specific niche pop-
ulations on which AS programs are focused nation-
wide, noting that patients in intensive care units 
are among the groups most targeted. Converse-
ly, immunocompromised and pediatric patients  
remain understudied and underserved. The au-
thors draw examples from outside the United 
States to support potential solutions for immuno-
compromised patients, but those suggestions are 
somewhat limited in the absence of evidence-based 
best practices. 

Antimicrobial Stewardship in Non-Traditional 
Settings offers a comprehensive and insightful ex-
ploration of AS implementation beyond acute-care 
settings and serves as a call-to-arms for medical and 
scientific communities tasked with exploring AS so-
lutions for settings and niche populations most in 
need of such guidance. This book serves as a valuable 
resource for healthcare professionals striving to com-
bat antimicrobial resistance, providing them with tar-
geted strategies for diverse healthcare environments. 
The book’s breadth of coverage and practical recom-
mendations make it an indispensable tool for advanc-
ing AS initiatives across various settings.
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search, National Institutes of Health, Bethesda, Maryland.

Nehal Hashem, Christina Yek
Author affiliation: National Institutes of Health, Bethesda,  
Maryland, USA

DOI: http://doi.org/10.3201/eid3006.240255

Address for correspondence: Christina Yek, NIAID International 
Center of Excellence in Research Cambodia, 1 Christopher Howes 
(St 96), Phnom Penh, Cambodia; email: christina.yek@nih.gov



1304 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 6, June 2024

Emerging Infectious Diseases announces that it is now 
accepting submissions of articles in a new catego-

ry, Letters from the Emerging Infections Network. The 
Emerging Infections Network (EIN) is a nationwide 
United States–based sentinel network of infectious 
disease physicians and related healthcare profession-
als that is funded by a 1995 cooperative agreement be-
tween the Infectious Disease Society of American and 
the Centers for Disease Control and Prevention (1). 

According to its website, the specific goals of the 
EIN are to do the following (2):

•  detect new or unusual clinical events;
•  identify cases during outbreak investigations;
•  gather information about clinical aspects of 

emerging infectious diseases;
•  help connect members to the CDC and other 

public health investigators; 
•  develop new methods for gathering epidemio-

logical and clinical information.

Background
The overarching goal of the EIN is to assist with sur-
veillance for emerging infectious diseases and related 
phenomena by collecting relevant clinically orient-
ed observations to complement other surveillance 
systems. The 2 major EIN-related activities revolve 
around an actively moderated listserv and the distri-
bution of regular queries or 2 quick queries of EIN 
members. EIN members and CDC investigators sug-
gest query topics. Before queries are distributed, they 
require approval from EIN staff, the EIN Executive 
Committee, and CDC program officers.

Regular queries are broadly focused on emerging 
infections or related phenomena and typically revolve 
around topics on diagnosis, treatment, quality, safety 
or about health policy. Regular queries are sent to eligi-
ble members 4–5 times per year by email. They typical-
ly include up to 10–12 questions and are distributed via 
email directly to EIN members with a clinical practice. 
Two reminders are sent to nonresponding members 
approximately 1 week apart. The known denominator 
of recipients allows regular queries to include member 
database information including practice location and 
characteristics and physician years of practice; data are 
aggregated and reported in such way that no patients, 
providers, or practice sites are identified. 

Quick queries are very short polls (4–5 questions 
per topic) specifically designed to take a “pulse” and 
rapidly aggregate member experiences, opinions, or 
approaches regarding an emerging infectious disease 
or related phenomena. They can also be used for initial 
case finding to build future case series. Quick queries 
are distributed via the EIN listserv. Thus, unlike regular 
queries which are sent directly to individual members, 
there is no stable denominator. Therefore, no specific 
practice or location data are available unless such in-
formation is requested in a quick query question. These 
queries are designed to collect very preliminary data 
from clinical infectious diseases practitioners that is 
otherwise difficult to do using alternative approaches.

Information about Letters from the 
Emerging Infections Network
Letters from the Emerging Infections Network are 
short form articles that broadly focus on emerging in-
fections or related phenomena and typically revolve 
around topics on diagnosis, treatment, quality, safety 
or about health policy.

Note that only members of the Emerging Infec-
tions Network, described previously, may submit ar-
ticles in this category. 

The following submission requirements, which 
are found in EID’s Author Instructions and Quick 
Guide to Article Information, apply to these articles. 

•  Text maximum of 800 words.
•  Unstructured 50-word abstract.
•  Maximum of 2 figures or tables, total, e.g., 1 

figure and 1 table; 2 figures and no tables; 2 
tables and no figures.

•  Maximum of 10 references.
•  Include the EID Author Checklist with each 

submission.

For questions or more information, contact EID at 
eideditor@cdc.gov. 
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The Samoan Islands constitute a volcanic archi-
pelago covering 1,170 square miles of the central 

South Pacific Ocean in the mid-Western part of the 
Polynesian triangle. The Islands are divided into 2 ad-
ministrative jurisdictions—the Independent State of 

Samoa in the west and American Samoa in the east—
separated by approximately 40 miles of water. Evi-
dence of human occupation dates back 3 millennia, 
but European exploration to the islands was first doc-
umented in the mid-18th century. In December 1899, 
the Samoan archipelago was formally partitioned 
into a German colony (German Samoa) in the west 
and a US territory (American Samoa) in the east. Dur-
ing World War I, New Zealand forces overtook the 

J. Potts (details unknown), engraver for Bradbury, Wilkinson & Co. Printer. Fluttering flag and Samoan house on stamp with 
designation “Samoa,” by civil administration of the mandated territory of Western Samoa, 1921. Printed by the Government 
Printing Office, Wellington, New Zealand. Private collection, Atlanta, Georgia. Photography by Will Breedlove.
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western islands, and in 1920, German interests were 
formally surrendered to New Zealand, which grant-
ed political independence to the western jurisdiction 
in 1962. In addition to English, the indigenous Poly-
nesian people of 2 jurisdictions share a common Poly-
nesian language, Samoan; in both jurisdictions, most 
Samoans are exclusively of Samoan ancestry.

As for many other Pacific Island jurisdictions, 
prevalence rates for adult-onset diabetes among the 
inhabitants of the Samoan Islands are among the 
highest in the world. In 2013, population-based sur-
veys in the Independent State of Samoa found that, 
among adults (25–64 years of age), burdens of type 
2 diabetes (commonly assessed in untreated persons 
as hemoglobin A1C >6.5% or fasting blood sugar 
>126 mg/dL) were 19.6% among men and 19.5% 
among women. Many observational cohort studies 
of persons with latent tuberculosis infection (LTBI) 
have found a higher risk for tuberculosis (TB) dis-
ease—generally 3-fold— among those with diabetes 
than among those with normal blood sugar levels. 
In most other Pacific Island jurisdictions where rates 
of type 2 diabetes are high, rates of TB are also high. 
For example, in the Federated States of Micronesia, 
TB incidence rates (cases/100,000 population) of 73.7 
were reported in 2020 and 62.8 in 2021. By contrast, 
the World Bank lists the Independent State of Samoa 
as a low TB incidence jurisdiction with a reported TB 
incidence rate of 6.8 in 2021, comparable to that of 
New Zealand. In American Samoa, similarly low TB 
incidence rates of 6.8 were reported in 2020 and 8.6 in 
2021. Although reasons to account for the disparity 
in TB incidence between the Samoan and the other 
Pacific Island populations may be matters of specula-
tion, the architectural structure on the Samoan stamp 
on the cover of this month’s journal may be in part 
responsible.

Among the shared cultural features of the Sa-
moan peoples is the basic design of a house, or fale 
(pronounced fah-leh), the Samoan word referring 
to houses of any size, including traditional hous-
ing structures, workplaces, and meetinghouses. Al-
though found elsewhere in Polynesia as well, the 
architecture of the fale is a source of great pride to 
Samoans and is a characteristic art form often fea-
tured in representations of Samoan life and culture. 
A traditional fale has an oval shape; a domed roof 
supported by breadfruit, coconut, or poumuli wood 
posts; and no permanent or structural walls (Figures 
1, 2).  Roll-down screens or weather blinds, called 
pola, are often fashioned and hung between the ex-
ternal wooden posts to afford some shelter and pri-
vacy, over a raised stone floor. Before the arrival of 

the European powers and availability of imported 
materials, metal and structural walls were not used 
in fale construction, in which beams and posts 
would be fastened together and plaited coconut fi-
ber rope would be used for lashing. Roofing on top 
of a domed framework was thatch made of leaves 
of lau (taro), coconut, or sugar cane. This author 
would like to advance the theory that, although all 
modern-day houses in the 2 Samoas are constructed 
with walls, the fale has, in part, played a positive 
role in reducing the spread of TB infection in the  
Samoan population.

Throughout the world, almost all TB transmis-
sion results from a person inhaling droplet nuclei 
containing Mycobacterium tuberculosis, the dehy-
drated residua of larger respiratory droplets gen-
erated by persons with pulmonary or laryngeal TB 
infection who are coughing, sneezing, or otherwise 
aerosolizing the infecting bacterium. The odds of in-
haling such particles are a function of how long the 
particles can remain suspended in the ambient air 
and follow room currents. After M. tuberculosis or-
ganisms strike surfaces, it is very difficult for them 
to re-aerosolize from droplet nuclei as respirable 
particles. A leading contributor to increased pulmo-
nary infections in temperate climates during winter 
and in tropical climates during rainy seasons is the 
increased time that most people spend indoors, pu-
tatively sharing airspace with others who already 
are infected and infectious.

One outstanding meteorologic feature of the Sa-
moan Islands is the often-present wind; Southeast 
trade winds bring clouds and rain throughout the 

Figure 1. A late 19th-century artist’s depiction of a standard fale, 
showing roll-down screens or weather blinds, called pola.
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year. In Western Samoa, the highest average wind 
speeds are 11.9 miles/hour from June through Oc-
tober, and the lowest average wind speeds are 9.7 
miles/hour in March. Unlike the common rectan-
gular domiciliary and institutional structures found 
in other Pacific Island groups and introduced to the 
Samoan Islands by the Europeans in the 19th cen-
tury, often with airtight or insulated building shells, 
the traditional fale both lacking walls and being buf-
feted consistently by wind would provide housing 
space that was naturally ventilated and cooled. Such 
structures would also not provide an environment 
conducive to person-to-person spread of respiratory 
particles. If this has been the case among Samoan 
populations for centuries, one would expect mod-
ern-day LTBI prevalence and TB disease incidence 
to be low and TB transmission to be rare among Sa-
moans relative to other Pacific Island peoples. Un-
fortunately, due to lack of medical care access and 
lack of diagnostics, no systematically gathered rates 
of TB infection or disease are available for the Pa-
cific Island populations from the first half of the 20th 
century. Recent World Health Organization esti-
mates for the many Pacific Island jurisdictions show 
a wide range of TB incidence, no doubt the results of 
a multiplicity of factors; however, few Pacific Island 
jurisdictions report low TB incidence rates compa-
rable to those of the Samoas (e.g., Tonga and the 
Cook Islands, both of which have near omnipresent 
wind similar to that in the Samoas and traditionally 
have had open and airy domestic architecture made 
of bamboo, wood, and palm fronds, with walls often 
omitted to enable easy passage of the trade winds 
in an extremely humid environment). Although 
systematic assessments of the LTBI burden among 
the population in American Samoa or in the Inde-
pendent State of Samoa have not been published, 
the incidence of active TB disease reported in both  

jurisdictions is consistently low by any standard, but 
especially for a Pacific Island population.

The combination of trade winds and relative-
ly wall-less domestic architecture has been by no 
means the sole contributor to the lower rates of TB 
in the Samoas compared with Pacific Island groups 
elsewhere in Polynesia and in Micronesia and Mela-
nesia, which have differing environmental condi-
tions, demographics, and traditional architecture 
that more customarily had a greater presence of 
walls. However, in the Samoas, the relatively con-
stant trade winds and the basic traditional architec-
tural form of the fale might have significantly con-
tributed to the low burden of TB observed in their 
populations today.
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Figure 2. An early 20th-century photograph of a fale, a thatched 
pavilion without walls.
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Article Title
Carbapenem-Resistant and Extended-Spectrum β-Lactamase– 

Producing Enterobacterales in Children, United States, 2016–2020

CME Questions
1.  In the current study by Grome and colleagues, which 
was the most common organism implicated in cases of 
carbapenem-resistant Enterobacterales (CRE)?
A. Escherichia coli 
B. Escherichia cloacae
C. Klebsiella pneumoniae
D. Klebsiella aerogenes

2.  Which was the most common organism implicated 
in cases of ESBL-E in the current study?
A. E. coli 
B. E. cloacae
C. K. pneumoniae
D. K. aerogenes

3.  Which age group of children and adolescents in the 
current study experienced the highest incidence rates 
of CRE and ESBL-E?
A. Age <1 year
B. Ages 1 year to <5 years 
C. Ages 5 years to <10 years
D. Age ≥10 years

4.  Which of the following statements reflects 
characteristics of CRE and ESBL-E in the current study?
A. Most cases were hospital-acquired
B. Incidence rates were similar among female and 

male persons
C. >80% of cases were from urine isolates
D. Cases of ESBL-E were more likely to involve 

hospitalization and indwelling devices vs CRE
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