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SYNOPSIS

Invasive fungal infections are common, and severe 
complications can occur in immunocompromised 

patients, especially in patients with hematologic ma-
lignancies who require intensive care unit (ICU) ad-
mission (1,2). Invasive fusariosis is a mycosis caused 
by infection with Fusarium spp. (3). Fusarium are 
ubiquitous filamentous fungi that can cause a range 
of infections, from localized lesions due to penetrat-
ing trauma in healthy persons, to acute invasive or 
disseminated infection in immunocompromised pa-
tients (3–6). Most frequent clinical manifestations of 
invasive fusariosis are fever refractory to antimicro-
bial drugs, pneumonia, metastatic skin lesions of a 
disseminated infection, and sinusitis (3,4,6).

The European Organization for Research and 
Treatment of Cancer/Invasive Fungal Infections Co-
operative Group and the US National Institute of Al-
lergy and Infectious Diseases Mycoses Study Group 
(EORTC/MSG) published definitions for proven and 
probable invasive fusariosis in immunocompromised 
patients (7). Although proven infection requires mi-
croscopic analysis or culture of a sterile material, prob-
able infection is based on host factors, clinical features, 

and mycologic criteria (Appendix Table 1, https:// 
wwwnc.cdc.gov/EID/article/30/2/23-1221-App1.
pdf). Despite progress in managing invasive fungal 
infections in recent decades, including the widespread 
use of antifungal prophylaxis in immunocompromised 
patients and improved treatment strategies, invasive 
fusariosis remains a serious and potentially life-threat-
ening infection. Invasive fusariosis can lead to severe 
organ failure and has been associated with mortality 
rates ranging from 40% to 70% (8–11). Even when am-
photericin B and voriconazole are the first drugs of 
choice, sometimes in combination, the best antifungal 
treatment remains unclear (12).

Data focusing on fusariosis rely mainly on case 
reports (13–15), studies based on selected populations 
(9–11,16,17), or epidemiologic studies (18,19). None of 
those studies focused on critically ill patients with in-
vasive fusariosis. We conducted a multicenter retro-
spective study to describe the characteristics and out-
comes of invasive fusariosis in ICU patients in France 
and to identify the main risk factors associated with 
death and response to therapy.

Methods

Ethics
This observational study was based on anonymized 
hospitalization reports and was in strict compliance 
with the reference methodology MR-004 of France. 
The study was approved by the data protection au-
thority, Commission Nationale de l’Informatique 
et des Libertés (registration no. 2220799v0), and re-
ceived a favorable opinion from the Comité Ethique 
de la Société de Réanimation de Langue Française 
institutional review board (approval no. 20–95). The 
study was conducted in accordance with principles of 
the Declaration of Helsinki (World Medical Associa-
tion, https://www.wma.net).

Study Population
We retrospectively included in the study adult ICU 
patients with a diagnosis of invasive fusariosis during  
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Invasive fusariosis can be life-threatening, especially 
in immunocompromised patients who require intensive 
care unit (ICU) admission. We conducted a multicenter 
retrospective study to describe clinical and biologic char-
acteristics, patient outcomes, and factors associated 
with death and response to antifungal therapy. We iden-
tified 55 patients with invasive fusariosis from 16 ICUs in 
France during 2002–2020. The mortality rate was high 
(56%). Fusariosis-related pneumonia occurred in 76% of 
patients, often leading to acute respiratory failure. Fac-
tors associated with death included elevated sequential 
organ failure assessment score at ICU admission or his-
tory of allogeneic hematopoietic stem cell transplantation 
or hematologic malignancies. Neither voriconazole treat-
ment nor disseminated fusariosis were strongly associat-
ed with response to therapy. Invasive fusariosis can lead 
to multiorgan failure and is associated with high mortality 
rates in ICUs. Clinicians should closely monitor ICU pa-
tients with a history of hematologic malignancies or stem 
cell transplantation because of higher risk for death.



Retrospective Study of Invasive Fusariosis in ICUs

January 1, 2002–December 31, 2020. We used a modi-
fied EORTC/MSG criteria to determine diagnosis of 
proven or probable invasive fusariosis (7) (Appendix 
Table 1). We identified patients by reviewing medical 
records, microbiologic databases, or both. To identify 
patients eligible for our study, we conducted a com-
prehensive screening of all ICUs and parasitology 
and mycology departments in France from which 
Fusarium species had been identified. Of 47 screened 
ICUs, only 16 had patients with a positive Fusarium 
microbiologic documentation during the inclusion 
period. We assessed a total of 120 patients for eligibil-
ity. We excluded 53 patients with Fusarium coloniza-
tion and ultimately included 55 patients in the study 
(Figure 1).

We collected data from anonymized hospitaliza-
tion reports, including information on patient age, sex, 
underlying disease conditions, history of immunode-
ficiency, clinical and microbiologic characteristics of 
the Fusarium infection, any co-infections, antifungal 
treatment, need for organ support, and outcomes. For 
each patient, simplified acute physiology score (SAPS 
II) and sequential organ failure assessment (SOFA) 
scores were collected at admission, as previously 
defined (20,21). For response to therapy, we defined 
progression as clinical deterioration or death after an-
tifungal treatment. We considered response complete 

if clinical improvement occurred, biological samples 
became sterile, and computed tomography (CT) fea-
tures cleared. When all the complete response criteria 
were not met, we considered response to therapy to 
be partial.

Outcomes
Our primary objective was to identify factors associ-
ated with ICU mortality rates. Our secondary objec-
tive was to identify factors associated with response 
to therapy.

Statistical Analyses
We reported continuous variables as medians and in-
terquartile ranges (IQRs) and categorical variables as 
numbers and percentages. We considered response to 
treatment, death in the ICU, death in the hospital, and 
death within 1 year as binary endpoints for the main 
analysis. We compared continuous variables by us-
ing Wilcoxon rank-sum test and compared categori-
cal variables by using Fisher exact test. We performed 
adjusted analyses to evaluate factors associated with 
treatment response and death by using multivariable 
logistic regression models. We estimated cumula-
tive incidence of death in the ICU by using standard 
methods for competing events and considered dis-
charged alive as a competing outcome to ICU death. 
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Figure 1. Flowchart for patient 
inclusion in a multicenter 
retrospective study of invasive 
fusariosis in ICUs, France. 
*Colonization by Fusarium 
defined as patient not meeting 
the European Organization 
for Research and Treatment 
of Cancer/Invasive Fungal 
Infections Cooperative Group or 
National Institute of Allergy and 
Infectious Diseases Mycoses 
Study Group criteria for proven or 
probable invasive fungal diseases 
(7). ICU, intensive care unit.



SYNOPSIS

We performed all tests 2-sided at the 5% significance 
level. We performed all analyses on the R statistical 
platform (The R Foundation for Statistical Comput-
ing, https://www.r-project.org).

Results

Patient Characteristics
We identified 55 patients with invasive fusariosis in 
16 ICUs during the inclusion period (Table 1). The 
median age was 61 (IQR 52–67) years; 80% (n = 44) 
were immunocompromised, most (n = 32) of whom 
had active hematologic malignancies (36%, n = 16) or 
underwent a recent (<1 year) allogeneic hematopoi-
etic stem cell transplantation (allo-HSCT) (36%, n = 
16). Eleven (25%) immunocompromised patients had 
a medical history of solid organ transplantation. Of 
11 (20%) immunocompetent patients, all had invasive 
fusariosis diagnosed during a prolonged (>2 weeks) 
ICU hospitalization, including hospitalization for 

septic shock (n = 7), acute respiratory distress syn-
drome (n = 2), and multiple traumatic injuries (n = 
2). Only 24% (n = 13) of patients had an antifungal 
prophylaxis at ICU admission. Patients admitted to 
the ICU had severe illness as indicated by elevated 
median SAPS II and SOFA scores.

During ICU stays, acute respiratory failure was 
the main organ failure in patients with invasive fusa-
riosis; 80% (n = 44) of patients required invasive me-
chanical ventilation (Table 2). Furthermore, acute kid-
ney injury was observed in 73% (n = 40) of patients, 
among whom 29 (72.5%) required renal-replacement 
therapy, such as continuous venovenous hemofiltra-
tion and hemodialysis. The incidence of acute kidney 
injury was notably higher (100%) for the 11 patients 
with solid organ transplant than for the patients with 
hematologic malignancies (44%, n = 7), allo-HSCT 
(69%, n = 11), and other patients (92%, n = 11) (p = 
0.003) (Appendix Table 2).

Patients experienced prolonged ICU hospitaliza-
tions; median length of stay was 17 (IQR 6–37) days, 
and the mortality rate was high (56%, n = 31). Of 31 
ICU patients who died, 18 (58.1%) deaths were con-
sidered directly related to invasive fusariosis and 13 
(41.9%) deaths were not considered directly related to 
invasive fusariosis. Of those 13 deaths, causes were 
multivisceral organ failures related to secondary in-
fections (n = 6), severe graft versus host disease (n 
= 1), progression of the underlying malignancy (n = 
2), hemorrhagic shock (n = 1), or withdrawal of life-
sustaining treatment (n = 3). Among ICU survivors, 1 
(4%) patient died in the hospital and 3 (4%) patients 
died within 1 year of diagnosis.

Invasive Fusariosis in ICUs
Using EORTC/MSG criteria, we classified a total of 
32 (58%) cases as probable invasive fusariosis and 23 
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Table 1. Clinical and biologic characteristics among 55 patients 
in a multicenter retrospective study of invasive fusariosis in 
intensive care units, France* 
Characteristics Value 
Median age, y (IQR) 61 (52–67) 
Sex  
 M 39 (71) 
 F 26 (29) 
Immunocompromise type 44 (80) 
 Hematologic malignancy 16 (36) 
 Allo-HSCT 16 (36) 
 Solid organ transplant 11 (20) 
 Kidney transplant 2 (18) 
 Liver transplant 4 (36) 
 Kidney-liver transplant 1 (9) 
 Lung transplant 3 (27) 
 Heart transplant 1 (9) 
 Rheumatoid arthritis with corticosteroids 1 (2) 
 Diabetes mellitus 10 (18) 
Immunosuppressive agents  
 Corticosteroids >3 weeks 12 (22) 
 Other immunosuppressive therapy 22 (40) 
 Chemotherapy <3 mo 21 (38) 
Biologic data  
 Neutropenia, neutrophil <0.5 G/L 22 (40) 
 Lymphopenia, lymphocytes <1 G/L 47 (85) 
 Hypoalbuminemia, albumin <35 g/L 48 (87) 
Antifungal prophylaxis 13 (24) 
 Posaconazole 9 (16) 
 Voriconazole 2 (4) 
 Fluconazole 2 (4) 
Performance status at admission  
 >2 30 (55) 
 <2 25 (45) 
Median prognostic scores at admission (IQR)  
 SAPS II 54 (40–65) 
 SOFA at admission 9 (6–13) 
*Values are no. (%) except as indicated. Allo-HSCT, allogeneic 
hematopoietic stem cell transplantation; IQR, interquartile range; SAPS II, 
simplified acute physiology score II; SOFA, sequential organ failure 
assessment. 

 

 
Table 2. Organ failure and outcomes among 55 patients in a 
multicenter retrospective study of invasive fusariosis in intensive 
care units, France* 
Characteristics Value 
Invasive mechanical ventilation† 44 (80) 
 Median days (IQR) 16 (9–39) 
Noninvasive ventilation 18 (33) 
 High flow nasal oxygen therapy 11 (20) 
 Prone position 5 (9) 
 Neuromuscular blockers 13 (24) 
 Nasal oxygenotherapy 49 (89) 
 Vasopressors 38 (69) 
Acute kidney injury 40 (73) 
Renal-replacement therapy 29 (53) 
Acute liver failure 18 (33) 
Median length of stay, d (IQR) 17 (6–37) 
Death in ICU 31 (56) 
*Values are no. (%) except as indicated. IQR, interquartile range. 
With orotracheal intubation cannula or tracheotomy. 

 



Retrospective Study of Invasive Fusariosis in ICUs

cases (42%) as proven invasive fusariosis (Table 3). 
Among invasive fusariosis patients, 53% of diagnoses 
were established after admission to the ICU; median 
time from ICU admission to invasive fusariosis diag-
nosis was 9 (IQR 1–16) days. Mycologic diagnosis was 
achieved through culture of various biologic samples 
and was guided by the patients’ clinical signs and 
symptoms. Blood cultures (22%, n = 12) were used for 
cases of fever and disseminated invasive fusariosis, 
biopsies (29%, n = 10) were taken from skin lesions, 
sputum (29%, n = 16) and bronchoalveolar lavage 
fluid (22%, n = 12) were collected for pneumonia cas-
es, sinus aspirate samples (5%, n = 3) were obtained 
for sinusitis, joint fluid (5%, n = 3) was examined 
for arthritis, and pancreatic fluid (2%, n = 1) collec-
tions were analyzed for suspected infection (Figure 
2). Pathologic examination of skin or sinus biopsies 
revealed Fusarium associated with tissue damage in 
10 (18%) patients. 

Results of serum galactomannan test were avail-
able for 50 (90.9%) patients and 15 (30%) of them had 
a positive serum galactomannan test on the day of in-
vasive fusariosis diagnosis. Among those patients, 4 
also had concomitant aspergillosis diagnosed. Other 
observed co-infections included bacterial co-infection 
in 58% (n = 32), viral co-infection in 35% (n = 19), and 
fungal co-infection in 34% (n = 19) of invasive fusari-
osis patients (Appendix Table 3). 

Pneumonia was the most prevalent clinical man-
ifestation, accounting for 76% (n = 42) of the cases. 
Consistent with the EORTC/MSG criteria, the di-
agnosis of fungal lung disease primarily relied on 
thoracic CT. Among the patients, fusariosis-related 
pneumonia exhibited a wide range of thoracic CT 
patterns (Figure 3): 43% (n = 16) had pulmonary con-
solidations, 32% (n = 12) had nodules and micronod-
ules, 24% (n = 9) had ground glass opacities, 16% (n 
= 6) had pleural effusion, and 8% (n = 3) had exca-
vated pulmonary lesions. Moreover, the incidence of 
disseminated invasive fusariosis was notably higher 
(44%, n = 7) in patients with hematologic malignan-
cies than in patients who had allo-HSCT (25%, n = 
4) or solid organ transplants (9%, n = 1) (p = 0.03)  
(Appendix Table 2).

Two thirds of invasive fusariosis patients re-
ceived antifungal monotherapy. The 2 primary drugs 
used were voriconazole (62%, n = 34) and ampho-
tericin B (60%, n = 33). Four (7%) patients died be-
fore invasive fusariosis diagnosis and did not receive 
treatment. Granulocyte colony-stimulating factor was 
administered to 55% (n = 12) of the neutropenic pa-
tients, and surgical debridement of localized lesions 
was performed in 13% (n = 7) of patients. Half of the 

patients experienced disease progression despite re-
ceiving adequate therapy.
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Table 3. Characteristics of Fusarium infections and co-infections 
in among 55 patients in a multicenter retrospective study of 
invasive fusariosis in intensive care units, France 
Infections and co-infections No. (%) patients  
Fusariosis diagnosis  
 Probable 32 (58) 
 Proven 23 (42) 
Fusarium species  
 Fusarium spp. 38 (69) 
 F. oxysporum 5 (9) 
 F. proliferatum 4 (7) 
 F. solani 3 (5) 
 F. fujikuroi 2 (4) 
 F. dimerum 1 (2) 
 F. monoliforme 1 (2) 
 F. keratoplasticum 1 (2) 
Mycologic diagnosis  
 Mycologic culture of biologic samples* 55 (100) 
 Pathologic examination of biopsies† 10 (18) 
 Positive serum galactomannan 15 (27) 
Time of diagnosis from intensive care admission 
 Before admission 12 (22) 
 Day of admission 12 (22) 
 After admission 29 (53) 
Clinical manifestation  
 Disseminated infection 12 (22) 
 Skin lesions 14 (25) 
 Pneumonia 42 (76) 
 Sinusitis 3 (5) 
 Arthritis 3 (5) 
 Infection of pancreatic fluid collections 1 (2) 
Thoracic computed tomography patterns of pneumonia, n = 37 
 Pulmonary consolidations 16 (43) 
 Nodules and micronodules 12 (32) 
 Excavated pulmonary lesions 3 (8) 
 Ground glass opacities 9 (24) 
 Pleural effusion 6 (16) 
 Missing data 5 (14) 
Co-infections  
 Bacterial 32 (58) 
 Viral 19 (35) 
 Fungal 27 (49) 
Antifungal treatment‡  
 Monotherapy 46 (84) 
  Voriconazole 23 (42) 
  Amphotericin B 21 (38) 
  Isavuconazole 1 (2) 
  Terbinafine 1 (2) 
 Combination therapy  
  Voriconazole + amphotericin B 11 (20) 
  Isavuconazole + micafungin 1 (2) 
 None 4 (7) 
 Missing data 1 (2) 
Granulocyte colony-stimulating factor 12 (22) 
Surgical debridement of localized infection 7 (13) 
Response to therapy  
 Progression 28 (51) 
 Partial or complete 14 (25) 
 Missing data 13 (24) 
*Biologic samples included blood cultures, skin biopsies, sputum, 
bronchoalveolar lavage fluid, sinus aspirate samples, joint fluid, and 
pancreatic fluid collections. 
†Pathologic examination of skin or sinus biopsies in which Fusarium are 
seen and accompanied by tissue damage. 
‡Some patients first received a monotherapy and then a combination of 2 
drugs because of refractory disease. 
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Factors Associated with Response to Therapy
Factors associated with invasive fusariosis progres-
sion under therapy in all 55 patients by univariate 
analysis were history of recent (<1 year) and past (>1 
year) allo-HSCT (p = 0.049), corticosteroid therapy 
for >3 weeks (p = 0.019), a higher SOFA score at ad-
mission (p = 0.002), performance status >2 at admis-
sion (p = 0.022), and pulmonary consolidations on 
thoracic CT for fusariosis-related pneumonia (p = 
0.001) (Appendix Table 4). Conversely, nodules and 
micronodules on thoracic CT were significantly asso-
ciated with partial and complete response (p = 0.001). 
By multivariate analysis, none of the following were 
significantly associated with response to therapy: 
voriconazole treatment (odds ratio [OR] 3.55, 95% CI 

0.72–17.6; p = 0.12), history of allo-HSCT (OR 0.21, 
95% CI 0.036–1.24; p = 0.086), and disseminated fusa-
riosis (OR 0.15, 95% CI 0.015–1.42; p = 0.098).

Factors Associated with Death
By univariate analysis, signs and symptoms signifi-
cantly associated with death in the ICU included his-
tory of hematologic malignancies and allo-HSCT (p = 
0.017), immunosuppressive therapy other than corti-
costeroids (p = 0.036), elevated SAPS II (p = 0.007) or 
SOFA (p = 0.001) score at admission, and neutropenia 
(neutrophils <0.5 G/L) (p = 0.05) (Appendix Table 5). 
Among patients with organ failure, only vasopressors 
were associated with death (p = 0.006). Conversely, 
surgical debridement of localized lesion was associ-
ated with ICU survival (p = 0.014).

By multivariate analysis, the factors associated 
with death in the ICU were higher SOFA score (OR 
1.51, 95% CI 1.15–1.98; p = 0.003) and history of he-
matologic malignancy or allo-HSCT (OR 8.28, 95% 
CI 1.26–54.2; p = 0.027). Cumulative incidence of ICU 
death showed a 50% (95% CI 31.4%–66%) ICU mortal-
ity rate at 28 days for patients with hematologic ma-
lignancies or allo-HSCT compared with 26.1% (95% CI 
10.3%–45.3%) for patients without hematologic malig-
nancy and allo-HSCT (Figure 4). Multivariate analyses 
on factors associated with death in the hospital and 
within 1 year of admission were similar to the results 
of the analyses for factors associated with death in the 
ICU. Indeed, higher SOFA score was associated with 
death in the hospital (OR 1.50, 95% CI 1.14–1.97; p = 
0.004), death within 1 year of admission (OR 1.66 95% 
CI 1.16–2.36; p = 0.005), history of hematologic malig-
nancy (OR 7.87, 95% CI 1.18–52.6; p = 0.033 ), or allo-
HSCT  (OR 15.3, 95% CI 1.60–145.7; p = 0.018).

Discussion
We conducted a large retrospective study to describe 
the clinical characteristics and outcomes of patients 
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Figure 2. Main clinical manifestations among patients in a 
multicenter retrospective study of invasive fusariosis in intensive 
care units, France. The figure was partly generated using Servier 
Medical Art (https://smart.servier.com), licensed under a Creative 
Commons Attribution 3.0 unported license.

Figure 3. Thoracic computed tomography scans from patients included in a multicenter retrospective study of invasive fusariosis in 
intensive care units, France, showing findings of fusariosis-related pneumonia. A) Unilateral consolidations (asterisk); B) ground glass 
opacities (triangle); C) 7-mm nodule (arrow) and bilateral pleural effusion.
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with invasive fusariosis admitted to ICUs in France. We 
found that invasive fusariosis can be life-threatening;  
often is associated with bacterial, viral, and fungal 
co-infections; and occurs mainly in immunocompro-
mised patients or patients enduring extended ICU 
stays. Pneumonia is the prevailing clinical manifes-
tation in ICU patients. Despite ICU hospitalization, 
organ support, and adequate treatment, the fusariosis 
mortality rate remains high. SOFA score and a history 
of allo-HSCT or hematologic malignancies, or both, 
are significantly associated with death in the ICU.

The available medical literature on invasive fu-
sariosis remains scarce, and a paucity of studies spe-
cifically focused on invasive fusariosis in the ICU 
setting. The few studies dedicated to invasive fun-
gal infections in ICU patients included <5 patients 
with invasive fusariosis (2,22). Our study provides a 
comprehensive description of clinical, biologic, and 
microbiologic characteristics of critically ill invasive 
fusariosis patients. 

Previous studies indicate that most invasive fu-
sariosis patients have immunocompromising condi-
tions, including hematologic malignancies, recent allo-
HSCT, or solid organ transplantation (9,11,17,19,23). 

However, we found that one fifth of patients with in-
vasive fusariosis in the ICU are considered immuno-
competent at ICU admission but experienced a pro-
longed ICU hospitalization, mainly because of septic 
shock. That finding supports the concept of sepsis- 
induced immunosuppression, wherein an imbalanced 
inflammatory state contributes to immunoparalysis 
and increases the risk for nosocomial infections (24). 
Therefore, physicians should investigate the possibil-
ity of invasive fusariosis in patients with prolonged 
ICU hospitalization, especially in cases of a secondary 
sepsis unresponsive to antimicrobial agents and clini-
cal manifestations consistent with invasive fusariosis.

The clinical manifestations we observed in our 
cohort align with those from previous reports (3,4,6). 
However, a notable finding in our study was iden-
tification of Fusarium in mycologic culture (semi-
quantitative results showing numerous Fusarium 
colonies) from pancreatic fluid collected in a case 
of suspected infection from a site that has not been 
previously described. That novel observation high-
lights the importance of considering Fusarium as a 
potential pathogen in unusual infection sites and ex-
pands our understanding of clinical manifestations 
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Figure 4. Cumulative incidence 
of death among patients with and 
without history of hematologic 
malignancies and allo-HSCT 
in a multicenter retrospective 
study of invasive fusariosis in 
ICUs, France. Calculations used 
Fisher exact test (p = 0.017). 
Chart shows 14-day and 28-
day death rates. Allo-HSCT, 
allogeneic hematopoietic stem 
cell transplant; ICU, intensive 
care unit.



SYNOPSIS

of fusariosis. In addition, our study revealed a lower 
prevalence of disseminated infection, affecting only 
one fifth of patients, in contrast to reports from pre-
vious publications focusing on non-ICU patients 
(8,11,17). However, patients with hematologic ma-
lignancies in our study exhibited much higher rates 
of disseminated infections. That finding aligns with 
a hypothesis proposed by others that suggests the 
larger proportion of neutropenia in fusariosis pa-
tients might contribute to the increased susceptibil-
ity to disseminated infection (17).

We noted a marked predominant prevalence of 
pneumonia (76%) among our study population. That 
finding highlights that fusariosis-related pneumonia 
can lead to acute respiratory failure, often necessitat-
ing invasive mechanical ventilation. Thoracic CT pat-
terns of fusariosis-related pneumonia included pul-
monary consolidations, micronodules and nodules, 
and ground-glass opacities. Excavations and pleural 
effusions have also been observed, but proportions of 
those CT patterns vary across different publications, 
mainly due to the small number of patients included 
(25–27). In addition, the timing of imaging and pres-
ence of neutropenia or co-infections might influence 
those patterns. Many patients in our study had co-
infections; thus, we cannot attribute their CT patterns 
solely to invasive fusariosis.

All patients in our study who had solid organ 
transplants also had acute kidney injury. That dif-
ference varied from previous reports and could be 
explained mainly by the presence of calcineurin in-
hibitor, well known for its nephrotoxicity (28). In ad-
dition, one third of solid organ transplant patients in 
our study had undergone a kidney transplant, which 
might have contributed to the increased susceptibility 
to acute kidney injury in this subgroup.

Despite identifying various factors associated 
with treatment response in the univariate analysis, 
the multivariate analysis in our study did not reveal 
any independent risk factors. However, the small 
number of patients included in our study might have 
limited the statistical power of the analysis. More-
over, we considered all non-ICU survivors to be 
nonresponders and 4 patients died before receiving 
treatment, findings others should consider when in-
terpreting our results but that further emphasize the 
need for larger studies among more extensive patient 
populations to better elucidate the independent risk 
factors associated with treatment response in inva-
sive fusariosis. 

The optimal antifungal treatment for invasive fu-
sariosis remains uncertain (29). The heterogeneity of 
treatments administered to patients across different 

centers in our study further complicates the inter-
pretation of our results. However, our analysis was 
underpowered to detect a favorable response with 
voriconazole. Conversely, a previous study report-
ed a 90-day survival rate of 60% with voriconazole 
monotherapy (8), surpassing the outcomes associ-
ated with liposomal or deoxycholate amphotericin 
B. Another study demonstrated an overall response 
rate of 47% with voriconazole (10). Nevertheless, be-
cause the current literature primarily consists of case 
reports and small retrospective studies, determining 
the optimal antifungal regimen for such patients re-
mains challenging.

The mortality rate observed for ICU patients 
with invasive fusariosis in our study was notably 
high, reaching 56%. That finding is consistent with 
previous studies reporting mortality rates ranging 
from 40% to 70% in patients with invasive fusariosis, 
although those studies did not specifically focus on 
ICU patients (8–11). In univariate analysis, the ob-
served association between surgical debridement 
and survival could be attributed to the fact that pa-
tients were well enough, and possibly had less se-
vere and fewer disseminated infections, to undergo 
debridement. By multivariate analysis, we identi-
fied history of hematologic disease, including active 
hematologic malignancy or recent allo-HSCT, as an 
independent risk factor for death. Patients with he-
matologic malignancies and those who have under-
gone allo-HSCT are more likely to experience neu-
tropenia. Persistent neutropenia has been identified 
as a factor associated with increased mortality rates 
among invasive fusariosis patients in several previ-
ous studies (8,16,17,30). 

One limitation in our study is the lack of as-
sessment of persistent neutropenia during hospital-
ization because of missing data on hospitalization 
reports; those missing data prevented a comprehen-
sive analysis of the effects of persistent neutropenia 
on patient outcomes in our study population. Also, 
because we did not have access to the total number 
of immunocompromised patients admitted to ICUs 
during the entire study period, we were unable to 
estimate the prevalence of invasive fusariosis in this 
population. Finally, the variability in ICU admitting 
policies across different centers might have influ-
enced our study results. Some patients with invasive 
fusariosis and underlying conditions or poor prog-
nosis related to hematologic malignancies might 
have been denied ICU admission. That potential se-
lection bias could affect the generalizability of our 
findings and should be considered when interpret-
ing the results. 
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In conclusion, invasive fusariosis is a severe 
condition that can lead to multiorgan failure and 
is associated with high mortality rates in the ICU. 
Clinicians should consider invasive fusariosis as a 
potential diagnosis in immunocompromised pa-
tients who have pneumonia or persistent fever un-
responsive to antimicrobial agents. Treatment for in-
vasive fusariosis includes antifungal therapy, rapid 
reversal of neutropenia, and surgical debridement 
for localized lesions. Further research is warranted 
to optimize diagnostic strategies and treatment ap-
proaches for this challenging and life-threatening 
infection. However, clinicians should closely moni-
tor ICU patients with a history of hematologic  
malignancies or allo-HSCT because of significantly  
higher invasive fusariosis ICU mortality rates among  
those patients. 
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Zoonotic infections associated with animal 
bite injuries are common and can result in 
severe illness. Approximately 5 million ani-
mal bites occur annually in North America, 
and 10 million injuries occur globally from 
dog bites alone. Pathogens causing infec-
tions after dog or cat bites are well de-
scribed; pathogens from other animal bites 
are less well defined, although their oral mi-
crobiota are known. 
In this EID podcast, Dr. Niaz Banaei, a profes-
sor of pathology and medicine at Stanford 
University in California, discusses Mycobac-
terium marinum infection after an iguana 
bite in Costa Rica.



Nontyphoidal Salmonella are consistently among 
the most commonly reported bacterial patho-

gens linked to enteric illness in Canada and the 
United States (1,2). In most cases, human infection 

is ultimately attributed to consumption of specific 
foods or to contact with animals (1,3,4). Persons 
usually show development of illness within 12–
36 hours after exposure (range 6 hours–16 days), 
and most recover without treatment (5,6). How-
ever, children <5 years of age, adults >65 years of 
age, and persons with weakened immune systems 
are more likely to show development of invasive  
infections (5–7).

There are >2,600 serovars of Salmonella, more 
than half of which belong to subspecies I (S. enterica 
subsp. enterica) and can cause human and animal 
illness (8–10). Although many Salmonella serovars 
are predominantly associated with reptiles and 
amphibians, most of these have low-to-moderate 
zoonotic potential and are believed to account for 
<1% of human salmonellosis, mainly affecting per-
sons with weakened immune systems and small 
children (11). The burden of Salmonella caused by 
specific serovars varies by country and region, 
partially because of the distribution of reservoir 
animal species and because of local food prepara-
tion and dietary preferences. Although some se-
rovars, such as Typhimurium and Enteritidis, are 
globally distributed, others, such as Heidelberg 
and Newport, are more commonly found in North  
America (10,12).

In June 2022, Public Health Ontario (PHO) noted 
2 cases of a rare Salmonella serovar (Salmonella enterica 
serovar Vitkin [Salmonella Vitkin]) reported by a lo-
cal public health unit. The cases were closely related 
(within 2 alleles based on core-genome multilocus 
sequence typing [cgMLST]), and onset dates were 4 
weeks apart, suggestive of a common exposure.

No cases of Salmonella Vitkin were reported in 
Ontario or elsewhere in Canada for at least 14 years 
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We identified 2 cases of Salmonella enterica serovar 
Vitkin infection linked by whole-genome sequenc-
ing in infants in Ontario, Canada, during 2022. Both 
households of the infants reported having bearded 
dragons as pets. The outbreak strain was also iso-
lated from an environmental sample collected from 
a patient’s bearded dragon enclosure. Twelve cases 
were detected in the United States, and onset dates 
occurred during March 2021–September 2022 (iso-
lates related to isolates from Canada within 0–9 allele 
differences by core-genome multilocus sequence typ-
ing). Most US patients (66.7%) were <1 year of age, 
and most (72.7%) had reported bearded dragon expo-
sure. Hospitalization was reported for 5 (38.5%) of 13 
patients. Traceback of bearded dragons identified at 
least 1 potential common supplier in Southeast Asia. 
Sharing rare serovar information and whole-genome 
sequencing data between Canada and the United 
States can assist in timely identification of outbreaks, 
including those that might not be detected through  
routine surveillance.
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before these 2 cases (the extent of the data available 
for review), and the Vitkin serovar had only been 
seen 23 times in PulseNet USA (https://www.cdc.
gov/pulsenet/index.html) before 2021 (13). Simi-
larly, no outbreaks associated with Salmonella Vit-
kin were documented within the US Centers for 
Disease Control and Prevention (CDC) National 
Outbreak Reporting System during 1971–2020 (14).

Given the rarity of this serovar in North Ameri-
ca, the Public Health Agency of Canada (PHAC) co-
ordinated communication between PHO and CDC 
to explore whether CDC had recently identified 
any cases of this rare serovar in the United States. 
CDC confirmed that several US isolates of Salmo-
nella Vitkin had been reported to PulseNet USA by 
multiple US states over the previous year. Analy-
sis of whole-genome sequencing data showed that 
isolates from the United States and Canada were 
related within 0–9 cgMLST allele differences. We 
report the multinational outbreak investigation 
performed by PHO, PHAC, CDC, and partner 
agencies to identify the source of this rare outbreak.

Methods

Epidemiology
In Ontario, public health units use standardized ques-
tionnaires for case interviewing and data collection 
(15). Using the questionnaire for Salmonella spp., local 
investigators interviewed a proxy respondent (parent 
or guardian) for each case and collected data on symp-
toms and relevant exposures during the 7 days before 
symptom onset. PulseNet Canada cluster codes for 
Salmonella spp. are assigned when >2 isolates occur 
within a 60-day period and are related within 0–10 
alleles by whole-genome multilocus sequence typing 
(wgMLST) (16).

The range of 0–10 wgMLST allele differences 
might expand or narrow during an investigation on 
the basis of available laboratory, epidemiologic, and 
traceback evidence. Wider allele ranges have been 
previously observed in Salmonella outbreaks linked 
to zoonotic sources (17,18). Ontario case-patients 
were defined as patients infected with laboratory-
confirmed Salmonella Vitkin who had an isolate 
matching the PulseNet Canada cluster code (2206Vit-
kinWGS-1ON) by whole-genome sequencing (WGS) 
and had illness onset during April–September  
2022. Data were shared with PHO through the  
integrated Public Health Information System report-
ing platform.

In July 2022, PHAC notified CDC of the Ontario 
case cluster and provided investigators with rel-
evant case demographics, reptile exposure, and lab-
oratory information. CDC queried PulseNet USA, 
the national molecular subtyping network for food-
borne disease surveillance in the United States to 
confirm relatedness and identify genetically related 
cases. PulseNet USA cluster codes for Salmonella 
spp. are typically assigned when >7 clinical isolates 
occur within a 60-day period and are related within 
10 alleles by cgMLST.

US case-patients were defined as patients in-
fected with laboratory-confirmed Salmonella Vitkin 
that was genetically related within 0–9 allele differ-
ences based on cgMLST who had an illness onset of 
March 2021–September 2022. State and local public 
health investigators interviewed patients (or their 
proxies) about possible food or animal exposures be-
fore illness onset; those data were shared with CDC 
through the System for Enteric Disease Response, 
Investigation, and Coordination platform (19). In 
September 2022, CDC requested that state health de-
partments collect additional information on bearded 
dragon husbandry behaviors, purchase locations, 
and feed.

SYNOPSIS

Figure 1. Bearded dragon rock cave, source of the environmental 
isolates that were closely related to the outbreak strain of Salmonella 
enterica serovar Vitkin found in patients in Ontario, Canada, 2022. 
The environmental isolates were within 1 and 2 alleles by core-
genome multilocus sequence typing to those from the patients.
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Laboratory Investigation
We analyzed 4 environmental swab specimens col-
lected from the bearded dragon enclosure in 1 On-
tario case household (Figure 1) and a fresh fecal 
specimen (collected in July 2022) from the bearded 
dragon (Figure 2) by using routine aerobic culture 
at the PHO laboratory (20). We also analyzed open 
samples of dried, pelleted reptile feed and a reptile 
calcium supplement by routine culture at the PHO 
laboratory (20). PHO runs WGS for all S. enterica 
by using the standardized PulseNet Canada pro-
tocol (21). WGS data are analyzed locally and then 
uploaded to a centralized BioNumerics version 7.6 
(bioMérieux, https://www.biomerieux.com) data-
base, where it is compared with data from other ju-
risdictions in Canada to identify multijurisdictional 
clusters by using wgMLST. PulseNet Canada uses 
wgMLST as a primary method for identifying ge-
netically related isolates but also has the ability to 
use cgMLST for comparison with other jurisdictions 
that use this method. Canada and the United States 
routinely share genomic data under a bilateral infor-
mation sharing agreement for comparison between 
the 2 countries because Canada does not yet upload 
WGS data to a public repository, such as the Na-
tional Center for Biotechnology Information (NCBI; 
https://www.ncbi.nlm.nih.gov), in real time.

In this investigation, sequence data from a repre-
sentative Salmonella Vitkin isolate was requested from 
PulseNet USA and added to the Canada database, 
where it was determined to be related to the Ontario 
cases within 1–3 cgMLST allele differences. A represen-
tative sequence from Canada was shared with PulseNet 
USA for comparison by cgMLST to identify related iso-
lates in the United States. For Canada isolates, WGS data 
were deposited retrospectively in NCBI in the PulseNet 
Canada Salmonella BioProject (PRJNA543337). US se-
quences were uploaded to NCBI under the PulseNet 
Salmonella BioProject (PRJNA230403).

We reviewed veterinary isolate data, represent-
ing specimens collected from sick or deceased reptiles 
and tested by the Animal Health Laboratory (AHL) 
in Ontario during 2013–2022 to determine whether 
Salmonella Vitkin had been detected in reptiles in On-
tario by this surveillance program. Reptile species 
tested at the AHL reflect common pet species as well 
as samples from private zoologic institutions. No US 
patients permitted investigators to screen their beard-
ed dragons for Salmonella spp.

Traceback of Reptiles
We conducted a traceback investigation for each of 
the patient’s bearded dragons to identify a potential 

common supplier or breeder. Where applicable, local  
pet stores, and intermediary suppliers were inter-
viewed to obtain information on the source(s) of their 
reptiles and whether they were acquired by local 
breeders or imported.

Ethics
This study did not require research ethics commit-
tee approval because activities described herein were 
conducted in fulfillment of the legislated mandate of 
PHO “to provide scientific and technical advice and 
support to the health care system and the Govern-
ment of Ontario in order to protect and promote the 
health of Ontarians” and are therefore considered 
public health practice, not research (22). Similarly, 
this activity was conducted consistent with appli-
cable federal law and CDC policy (see e.g., 45 C.F.R. 
part 46, 21 C.F.R. part 56; 42 U.S.C. §241(d); 5 U.S.C. 
§552a; 44 U.S.C. §3501 et seq.).

Results

Epidemiology
Both Ontario case-patients were <1 year of age and 
had isolates related within 3 alleles. Onset dates were 
reported to be ≈4 weeks apart, in April and May 2022. 
No hospitalization or death was reported for either of 
the Ontario patients.
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Figure 2. Female bearded dragon belonging to household of 1 of 
2 case-patients infected with Salmonella enterica serovar Vitkin, 
Ontario, Canada, 2022.

 
Table. Patient demographics for 14 Salmonella enterica serovar 
Vitkin cases in Canada and the United States, March 2021–
October 2022* 
Characteristic Value 
Median age, y <1 (range <1–28) 
Female sex 8 (57.1) 
Contact with bearded dragons† 10 (76.9) 
Hospitalization 5 (38.5) 
*Values are no. (%) except as indicated. Of the 14 cases, 2 were reported 
in Canada and 12 in the United States. 
†Of 13 cases with exposure information available. 
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We did not identify any common food exposures 
(including infant formula) among the Ontario patients. 
However, the proxy respondent for each patient re-
ported >1 bearded dragons in the household (Table). 
We noted no commonalities between households with 
respect to bearded dragon diet. One household report-
ed feeding their reptile(s) feeder mice.

Twelve cases of Salmonella Vitkin were identified 
in the United States, were considered genetically relat-
ed to the outbreak strain, and had illness onset dates 
ranging from March 2021 to September 2022 (Figure 
3). The US cases were identified across 10 states (Fig-
ure 4). Of 11 patients with additional information 
available, 5 (45%) were hospitalized and no deaths 
were reported. The median age of US case-patients 
was the same as that of the Ontario case-patients, in-
cluding 8 (67%) children <1 year of age (Table).

Among the 11 US patients who had available ex-
posure information, 8 (73%) reported either having 
direct contact with bearded dragons or having one in 
their household (Table). No common food exposures 
were identified among patients.

Laboratory Investigation
One environmental swab specimen, collected from the 
entrance to the bearded dragon’s rock cave (Figure 2), 
was positive for Salmonella Vitkin. Two isolates from 
this swab specimen were related to the outbreak strain 
by WGS (Figure 3). Salmonella spp. were not detected 
from the other 3 environmental swab specimens, the 
fresh fecal specimen collected from the same reptile 

enclosure, the open sample of reptile feed, or the rep-
tile calcium supplement. Canada human isolates and 2 
environmental isolates were genetically related within 
0–3 cgMLST allele differences; they also were geneti-
cally related within 0–9 cgMLST allele differences to 
12 US clinical cases. The 4 Canada Salmonella Vitkin 
isolates linked to this investigation were the only Vit-
kin isolates in the Canada database. Therefore, no ad-
ditional strains were analyzed outside the US isolates.

Traceback of Reptiles
Ontario patients reported purchasing bearded dragons 
from 2 different pet store locations in Ontario, and US 
patients reported purchases from 4 different US pet 
store locations and an online source. Both Ontario pet 
stores were supplied by a single common intermedi-
ary supplier, which imported bearded dragons from 
various suppliers, including an international supplier 
located in Southeast Asia. This intermediary supplier 
reported that they did not ship bearded dragons from 
or to the United States and that they had ceased im-
porting reptiles from the international supplier in late 
2021. The US pet stores were supplied by 1 of 3 com-
mon intermediary suppliers, 1 of which purchased 
bearded dragons from the same international supplier. 
No single breeder was identified as the source for all 
bearded dragons implicated in this investigation.

Reptile Isolate Data
A review of reptile veterinary isolate data compiled by 
the AHL found that, although most of the specimens 

228	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 2, February 2024	

Figure 3. Unweighted pair group method with arithmetic mean dendrogram of core-genome multilocus sequence typing results 
for human and environmental isolates included in the Canada and the United States Salmonella enterica serovar Vitkin outbreak 
investigation, 2020–2022. Tree was generated by using BioNumerics version 7.6 (bioMérieux, https://www.biomerieux.com). Numbers 
along branches are median allele differences. Shown are GenBank accession numbers.
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tested from 2013–2022 were from bearded dragons 
(by reptile species, 21.3%, n = 13), Salmonella Vitkin 
was not isolated from any of these, or from any other 
reptile species. The serovars most commonly isolated 
from bearded dragons were Salmonella Amsterdam 
(23.1%, n = 3) and Salmonella Kisarawe (23.1%, n = 3).

Public Health Response
Local public health investigators visited each pet store 
identified by the Ontario case-patients as the location 
of bearded dragon purchase and provided pet store 
operators with fact sheets summarizing information 
on Salmonella infection and prevention associated 
with reptiles for distribution to future customers. 
Information provided by fact sheets included recom-
mendations for pet owners to wash their hands after 
handling reptiles, to clean and disinfect any surfaces 
that come into contact with their reptile, and to super-
vise children during interactions with reptiles, while 
noting that these animals are not recommended as 
pets for households with >1 persons at increased risk 
for severe illness (23). Canada and US public health 
partners shared their outbreak findings with public 
health officials located in the country of the common 
Southeast Asia bearded dragon supplier, as well as 
educational resources on preventing Salmonella trans-
mission from bearded dragons.

CDC first communicated to the public regarding 
this outbreak on October 18, 2022. The website post 

highlighted investigation details and information 
for actions to take to minimize the risk for reptile- 
associated Salmonella infections (24). Similar general 
preventative information in the form of a public-fac-
ing factsheet is available on the PHAC webpage (23). 
The investigations in Canada and the United States 
were closed in December 2022.

Discussion
Salmonella Vitkin infections linked to this outbreak 
disproportionately affected infants and often resulted 
in severe illness, as shown by 78% of reported case-
patients being <1 year of age and almost 40% of pa-
tients reporting hospitalization because of illness. 
Contact with bearded dragons was the source of this 
outbreak. Reporting of indirect or direct contact with 
bearded dragons by most case-patients and isolation 
of the same serovar from a reptile enclosure support-
ed bearded dragons as the most likely source of ex-
posure. Many infants likely were indirectly exposed 
to infection by the contaminated clothing or hands of 
caregivers or by contact with contaminated environ-
mental surfaces within the home.

Reptiles, including bearded dragons, lizards and 
snakes, are among several animal species that are be-
coming more common in Canada and elsewhere as 
household pets (25–27). Reptiles can carry Salmonella 
spp. in their gastrointestinal tract without display-
ing signs of illness and can intermittently shed the  
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Figure 4. Salmonella enterica 
serovar Vitkin infection case 
counts, by state (United States) 
and province (Canada),  
2021–2022.
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bacteria in their feces (28). Fecal shedding can be 
prompted or exacerbated by stressors, such as han-
dling, transportation, or illness (28). Persons might 
become ill with Salmonella infections if they have di-
rect or indirect contact with reptiles or their environ-
ment, particularly if they do not wash their hands af-
ter handling or caring for their reptiles or if they do 
not clean and disinfect contaminated surfaces (26,29).

A study found that, although most cases of hu-
man salmonellosis in Ontario during 2010–2012 were 
attributed to foodborne transmission, 35.5% (n = 107) 
of reported cases were attributed to contact with rep-
tiles or amphibians (3). This finding is notable be-
cause, according to the most recent Canadian Food-
book Report, produced by the Public Health Agency 
of Canada in 2015 after a population-based telephone 
survey of the Canadian population, only 2.1% of On-
tario respondents reported having any contact with 
reptiles in the previous 7 days, indicating the rela-
tively small proportion of the population who might 
keep these reptiles as pets (30). In comparison, 31.0% 
of Ontario respondents reported having contact with 
a cat and 42.2% reported having contact with a dog 
during the same time period (30). Similarly, a recent 
national pet owner survey found that ≈90.5 million 
US homes reported owning >1 pet. Among house-
holds that owned a pet, ≈6% (5.7 million) owned a 
reptile, compared with 76% (69.0 million) that owned 
a dog and 50% (45.3 million) that owned a cat (31).

Captive bearded dragons have higher rates of 
Salmonella carriage compared with those in the wild, 
and stress can increase the frequency of Salmonella 
shedding (32). Awareness and consideration of steps 
that can be taken by owners and breeders of bearded 
dragons to reduce stressors (such as avoiding over-
crowding during transport, and provision of ade-
quate space and enrichment items within enclosures) 
could theoretically reduce Salmonella shedding and 
subsequent human exposure (33). Bearded dragon 
owners should be encouraged to restrict roaming of 
their bearded dragons outside of their enclosure to 
surfaces and items that are able to be cleaned and dis-
infected afterwards.

If reptile owners are not aware that their reptiles 
can carry and shed Salmonella spp., they might fail to 
take appropriate preventive measures, increasing the 
risk for illness among household members, including 
those who do not have direct contact with reptiles. 
Because some Salmonella serovars can survive on sur-
faces for several days to months, surfaces might serve 
as a source of indirect exposure if they are not cleaned 
and disinfected after coming into contact with beard-
ed dragons or other reptiles (34,35). Previous studies 

have noted that Salmonella carriage is common among 
captive reptiles and that a high-density population of 
animals (e.g., in breeding facilities, during transport 
or at point of sale) can promote the transfer of Salmo-
nella spp. between reptiles, particularly if the reptiles 
are fed with rodents (26,36).

There have been several reported outbreaks of 
Salmonella infections linked to contact with reptiles 
in Canada and the United States, including out-
breaks specifically linked to bearded dragons. Those 
outbreaks have involved several different serovars, 
including Uganda (2022), Muenster (2020), Apapa 
(2018), and Cotham (2014) (27,37–40). Although those 
outbreaks affected persons of all age groups, children 
were overrepresented.

To date, there has been minimal published litera-
ture on Salmonella Vitkin infections in humans; we 
identified only 1 article summarizing a case of menin-
gitis caused by Salmonella Vitkin infection in an infant 
(1 month of age) after exposure to a pet turtle (29). 
Children, particularly those <5 years of age, might be 
at increased risk for exposure to Salmonella infections 
and other enteric infections because of poor hand hy-
giene, developing immune systems, and a tendency 
to mouth objects (41). Children might also be more 
susceptible to less virulent strains of the bacteria, 
which might explain the relatively young median age 
of those involved in reported outbreaks involving 
reptiles (25). Because transmission can occur by di-
rect and indirect contact with reptiles, parents might 
not recognize indirect reptile contact as a risk. As 
such, they might fail to take appropriate preventive 
measures, including keeping children away from the 
reptiles and any potentially contaminated surfaces. 
Furthermore, parents and caregivers might not think 
to change potentially contaminated clothing or wash 
their hands between handling reptiles and interacting 
with children (11). Infants could be at increased risk 
for indirect exposure by the clothing of adult house-
hold members because they are more likely to be held 
or carried than independently mobile toddlers and 
older children.

Although a fresh fecal specimen from 1 bearded 
dragon was collected during the Salmonella Vitkin in-
vestigation and found to be negative for Salmonella 
spp., this specimen was collected 3 months after the 
onset of illness in the child within the same house-
hold, and the bearded dragon might have no longer 
(or only intermittently) been shedding Salmonella spp. 
in its stool at the time. A previous study of household 
Salmonella transmission associated with pet reptiles in 
Germany found that in 15 (78.9%) of 19 households 
with a child with confirmed Salmonella infection, an 
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identical serovar was confirmed in both the infected 
case and >1 reptile in the household (42). The au-
thors further noted that, although reptiles might be 
simultaneously colonized with multiple Salmonella 
serovars, shedding may be intermittent, and a nega-
tive cloacal or fecal specimen does not mean that the 
reptile is free from Salmonella spp. (42). Instead, per-
sons should assume that all reptiles could be carrying 
Salmonella spp. (42).

Although the intermediary reptile supplier in 
Canada in this investigation did not report US im-
portation or exportation of reptiles, it is unknown 
whether cross-border importation or export of rep-
tiles is common practice or the extent to which im-
portation of reptiles to North America might occur. 
Ontario has no record-keeping requirements for 
persons who breed, import, export or sell reptiles. 
Bearded dragons within the pet trade are entirely 
maintained by captive breeding operations that 
might operate at a small scale (i.e., a person with 
2 bearded dragons) or at a commercial scale (33). 
The stress and close confinement during transport 
is associated with an increased risk for Salmonella 
shedding and transmission (11). Although cases of 
Salmonella Vitkin infection linked to this outbreak 
were reported in the United States until November 
2022, no additional cases were reported in Ontario 
(or elsewhere in Canada) after the intermediary sup-
plier in Canada ceased importing bearded dragons 
from the common international breeder that was 
identified in this investigation.

Because reptile supply chains in Canada and 
the United States might be integrated for some spe-
cies, communication between international public 
health investigators can assist in identification of 
multijurisdictional outbreaks associated with rep-
tiles and can help to identify a potentially causative 
exposure, particularly in situations with rare se-
rovars. Furthermore, environmental sampling can 
provide microbiological evidence to confirm source 
identification.

Providing reptile owners with information on 
the risks of Salmonella infection associated with rep-
tiles at the point of purchase/acquisition could sup-
port informed decisions about pet choices and nec-
essary precautions. Information could include steps 
that can be taken to minimize the risk for infection 
transmission from reptiles to humans, including de-
tails on persons who might be at increased risk for ill-
ness if exposed and who should ideally avoid reptile 
contact (43). In particular, potential reptile owners 
who have children <5 years of age should be aware 
that reptile ownership or contact is discouraged  

for this age group because, although handwashing 
and environmental disinfection can reduce the risk 
for Salmonella transmission from reptiles to humans, 
the increased susceptibility of children to infection 
and the risk for severe illness if infected make these 
high-risk pets. Further education for persons and 
businesses involved in reptile breeding, distribu-
tion, and sale could also focus on the need for pre-
ventive veterinary care, biosecurity, and environ-
mental cleaning practices (43).

Record-keeping requirements for persons in-
volved in the breeding, distribution, and sale of rep-
tiles would assist in traceback investigations and 
support investigators in identifying the source of in-
fection during outbreak investigations (43). Timely 
collaboration and information sharing can assist in 
identifying the potential source of a multijurisdiction-
al outbreak, enabling rapid rollout of public health in-
terventions and dissemination of information to the 
public to prevent illnesses.
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Since October 2020, highly pathogenic avian influenza 
A(H5N1) virus has been responsible for over 70 mil-
lion poultry deaths and over 100 discrete infections in 
many wild mesocarnivore species. In 2022, research-
ers detected an HPAI A(H5N1) outbreak among New 
England harbor and gray seals that was concurrent 
with a wave of avian infections in the region. As harbor 
and gray seals are known to be affected by avian influ-
enza A virus and have experienced previous outbreaks 
involving seal-to-seal transmission, they represent a 
pathway for adaptation of avian influenza A virus to 
mammal hosts that is a recurring event in nature and 
has implications for human health.

In this EID podcast, Dr. Wendy Puryear, a virologist at 
The Cummings School of Veterinary Medicine at Tufts 
University, discusses the spillover of highly pathogenic 
avian influenza A(H5N1) into New England seals in the 
northeastern United States.



Parechoviruses are small, nonenveloped, single-
stranded RNA viruses belonging to the large 

Picornaviridae family that circulate worldwide; pri-
mary infections occur mainly in children <2 years of 
age (1,2). Parechoviruses are transmitted by fecal-
oral and respiratory routes (2,3). Most infections are  

asymptomatic or have mild general gastrointestinal 
or respiratory symptoms, but they can occasionally 
lead to sepsis, meningitis or other neurologic mani-
festations, or even death (2–6). 

Nineteen human parechovirus types have been 
classified as species types PeV-A1–A19 (7); the most 
commonly reported are A1, A3, and A6 (2,3). PeV-A1 
and A6 infections are generally associated with mild 
outcomes, but PeV-A3 can cause severe neurologic 
disease in infants <3 months of age (2,4–6,8,9). More 
recently, PeV-A4 and A5 also have been associated 
with severe clinical manifestations in children (10,11). 
Recorded genotype distribution might vary on the 
basis of study design, including testing strategy, geo-
graphic location, and timing of sampling, because ep-
idemiology can differ by virus type (3). Data collected 
from nonpolio enterovirus (NPEV) surveillance and 
childhood prevalence studies showed worldwide 
parechovirus distribution differs by genotype; PeV-
A1 is the most prevalent type in the United States, 
Asia, and Europe, followed by A3 and A4 (12). PeV-
A6 is reported as second most common in Austra-
lia and in some studies in Europe (2,12). Additional 
genotypes, including A2 and A7–A19, that are rare in 
Europe and the United States have been reported in 
India, Pakistan, and Africa (12). 

Parechovirus studies in Europe have mostly fo-
cused on children or specific symptoms, with no data 
from dedicated surveillance and limited data from the 
NPEV surveillance system. The lack of systematically 
collected data limits full understanding of the impact 
and circulation of parechovirus infections. Clarify-
ing the epidemiology, clinical implications, and phy-
logeny of parechovirus would help laboratories and 
national health authorities make decisions about the 
clinical relevance of infections. We therefore con-
ducted a retrospective study to assess the presence of 
surveillance and laboratory capacity for parechovirus 
detection and typing in Europe during 2015–2021. We 
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Parechovirus infections usually affect neonates and 
young children; manifestations vary from asymptomatic 
to life-threatening. We describe laboratory capacity in Eu-
rope for assessing parechovirus circulation, seasonality, 
and epidemiology. We used retrospective anonymized 
data collected from parechovirus infection case-patients 
identified in Europe during January 2015–December 
2021. Of 21 laboratories from 18 countries that partici-
pated in the study, 16 (76%) laboratories with parechovi-
rus detection capacity reported 1,845 positive samples; 
12/16 (75%) with typing capability successfully identified 
517 samples. Parechovirus A3 was the most common 
type (n = 278), followed by A1 (153), A6 (50), A4 (13), A5 
(22), and A14 (1). Clinical data from 1,269 participants 
highlighted correlation of types A3, A4, and A5 with se-
vere disease in neonates. We observed a wide capacity 
in Europe to detect, type, and analyze parechovirus data. 
To enhance surveillance and response for PeV outbreaks, 
sharing typing protocols and data on parechovirus- 
positive cases should be encouraged. 
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also described the seasonality, clinical manifestations, 
and molecular epidemiology of parechovirus infec-
tions during the 7-year study period (2015–2021). 

Methods

Data Collection
In March 2022, the European Non-polio Enterovirus 
Network (ENPEN) invited the national focal point 
agencies that constitute the European Centre for Dis-
ease Prevention and Control (ECDC) public health 
network, regional reference laboratories from all 30 
member states within the European Union (EU), Eu-
ropean Economic Area, the United Kingdom, and 
local laboratories affiliated with ENPEN to join the 
study. We sent a reminder letter about participation 
15 days before the deadline. 

We used data collected during January 1, 2015–
December 31, 2021 as part of an EU survey (13). 
The survey included questions for each participat-
ing laboratory on their extent of and approach to 
parechovirus detection and surveillance and their 
screening policies and capacity for detection and 
typing. We also requested information on methods 
used in each laboratory (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/30/2/32-0647-App1.
pdf). When available, we collected anonymized ag-
gregated data on monthly and yearly parechovirus 
detection, associated clinical symptoms, age group, 
sample type, sex, and total number of samples tested 
for each study year by parechovirus type (Appendix 
Figure 1). Each laboratory collected data from vari-
ous sources, such as NPEV, acute flaccid paralysis, 
and influenza-like illness (ILI) surveillance; screen-
ing of hospital admissions records; and cerebrospi-
nal fluid (CSF) samples. 

For each laboratory we summarized the capacity 
for parechovirus detection and what triggers they 
used to initiate testing (Table). We included labora-
tories reporting the absence of parechovirus testing, 
to better understand the extent of testing capacity 
in Europe. We asked participating laboratories to 
share nucleotide sequences of PeV-A3 strains that 
had been typed; in cases of outbreaks or clusters, 
we requested only nonidentical (i.e., differing by  
≥2%) sequences. 

Data Analysis
We reported the number of parechovirus infections 
by month/year and country of study, and analyzed 
data by clinical symptoms, age group, sample type, 
and parechovirus type when information was avail-
able. We calculated overall parechovirus detection 

rate when total number of samples tested was re-
ported. Because some laboratories did not implement 
parechovirus detection testing until after the study 
had begun, we reported proportions of positive sam-
ples for the entire 2015–2021 study period and for the 
specific timeframes 2015–2017 and 2018–2021. We cal-
culated parechovirus type distribution by year, clini-
cal symptoms, age group, sample type, and month, 
and calculated the proportion of detections and types 
of samples. We performed χ2 testing using Vassar stat 
(14) to compare proportions; p<0.05 indicates statisti-
cal significance. 

For PeV-A3 analysis, we summarized 106 se-
quences with >80% completeness in viral protein 
(VP) 3/VP1 junction region positions 2182–2437 (as 
numbered in the echovirus 22 prototype sequence 
L02971) (Appendix Table 2). We aligned sequences 
using MUSCLE 3 (15) and compared them with 630 
publicly available PeV-A3 nucleotide sequences from 
this region retrieved from GenBank database in De-
cember 2022 using sequence editor version 1.4 (16). 
In addition, participating laboratories provided 30 se-
quences from a second region in VP1 (positions 2336–
3038; Appendix Table 2), which we compared with 
856 available GenBank sequences. We performed 
neighbor-joining phylogenetic analysis (Jukes-Cantor 
model) and calculated maximum likelihood using the 
optimal substitution model, Tamura-Nei with γ cor-
rection, using MEGA package version 7 (17). When 
sampling dates were available, we inspected phylo-
genetic trees for country-specific clustering and tem-
poral trends. 

Results 
In total, 21 laboratories from 18 EU and European Eco-
nomic Area member states participated in the study; 
16/21 participating laboratories performed parecho-
virus testing (76%). Of those not testing, 1 laboratory 
each in the Slovak Republic and Bulgaria planned to 
introduce parechovirus in routine diagnostics, but 
the remaining 3 laboratories, in the Czech Republic, 
Estonia, and Hungary, had no plans to implement na-
tionwide parechovirus testing (Table). Of the 16 labo-
ratories performing testing, 11 (69%) provided data 
for 2015–2021; 2, in Norway and the United Kingdom 
(Scotland), provided data only for 2015–2017, and 3, 
in Luxemburg, Poland, and Slovenia, reported data 
for 2017–2021 after commencing testing. 

Twelve (75%) of 16 laboratories initially perform-
ing testing reported capacity to type parechovirus-
positive samples and provided type information for 
this study (Table). Of those, 5 performed sequencing 
routinely and 7 sequenced viruses only from selected 
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clinically detected cases. Most (11/12) laboratories 
analyzed sequences in the VP3/VP1 junction region 
positions 2182–2437, but 1 laboratory, in the Nether-
lands, performed sequencing from the start of VP1 
(positions 2336–3038). To perform the analysis of this 
region, we alternatively used data from Denmark, 
Poland, and the United Kingdom (England) because 
they provided data from a longer portion of the 
parechovirus genome that included VP1 (Appendix 
Table 2). 

Parechovirus Detection 
Sixteen laboratories from 13 countries reported 1,845 
parechovirus-positive samples. Finland, the Nether-
lands, Spain, and England added parechovirus data 
based on voluntarily reporting positive cases to the na-
tional laboratory, to existing enterovirus surveillance 
(Table). Those 4 countries reported the most (65%, n 
= 1,200) parechovirus-positive samples. One labora-
tory each in Slovenia and in the Lombardy region 
of Italy (Italy/Lombardy) that introduced parecho-
virus screening into ILI surveillance provided ≈130 
parechovirus-positive respiratory samples. The same 
laboratory in Italy/Lombardy detected parechovirus-
positive samples from cases identified through an 
acute flaccid paralysis surveillance network, which 
routinely screens for polioviruses. Remaining cases 
were identified after clinician requests for testing not 
based on existing NPEV, ILI, or other surveillance 
systems (Table). Ireland reported the highest number 
of parechovirus-positive samples (26%, n = 488), fol-
lowed by Denmark (17%, n = 322) and England (14%, 
n = 264) (Figure 1). Unfortunately, those countries 
provided no denominator information, so we could 
not calculate positivity rates. 

Parechovirus testing capacity, measured by sam-
ples tested in 9 laboratories (3 in Italy and 1 each in 
Austria, Finland, Luxemburg, Poland, Slovenia, and 
the Netherlands), increased from 8,665 during 2015–
2017 to 14,263 during 2018–2021; those laboratories 
reported 309 positive samples, 100 in 2015–2017 and 
209 in 2018–2021. Although parechovirus-positive 
samples increased over that time, parechovirus de-
tections per number of screened samples remained 
unchanged: 100/8,665 (1.3%) during 2015–2017 
and 209/14,263 (1.5%) during 2018–2021. Detection 
rate for the entire 2015–2021 study period was 1.4% 
(309/22,928). 

Seasonality
All participating laboratories reported month and 
year of collection of parechovirus-positive samples 
(Table; Figure 1). Infections were reported every year; 

2016 accounting for 24% and 2018 for 25% of detec-
tions. Most cases were detected during June–Novem-
ber each year. 

Distribution of Parechovirus Types 
Twelve laboratories, 10 of which supplied data for 
the whole study period (Table), reported 517 (45%) 
of the 1,139 successfully sequenced parechovirus-
positive samples, corresponding to 28% (517/1,845) 
of all positive samples reported in this study. Among 
6 parechovirus types detected, PeV-A3 (54%, n = 278) 
was the most frequently reported, followed by A1 
(30%, n = 153), A6 (10%, n = 50), A5 (4%, n = 22), A4 
(2%, n = 13), and A14 (0.2%, n = 1) (Figure 2). Posi-
tive PeV-A1 and A3 samples were reported each year 
during 2015–2021. PeV-A3 accounted for most typed 
samples in 5/7 study years: 71% in 2015, 75% in 2016, 
61% in 2017, 61% in 2019, and 50% in 2020; A5 ac-
counted for 23/31 (74%) of typed samples in 2018 and 
A1 for 44/52 (85%) in 2021. 

Geographic Distribution of Parechovirus Types
Spain (35%) and Denmark (33%) provided the most 
parechovirus case reports with typing information 
(Figure 2). All laboratories performing typing re-
ported PeV-A3 cases, the most being from Spain (n 
= 138), Denmark (72), and Italy/Lombardy (17). 
PeV-A3 exhibits a biannual cycle; most parechovirus 
cases reported by Denmark were identified in even 
years (2016 and 2018), whereas most cases reported 
by Spain occurred in uneven years (2015, 2017, and 
2019). Denmark and the Netherlands reported the 
most PeV-A1 and A6 cases; the Netherlands (35.3%, 
n = 6), Austria (29.4%, n = 5), and Spain (17.6%, n = 
3) reported the most A5 cases. Spain reported 8/13 
(62%) A4 cases and Poland reported 1 A14 case. 

Sample Types 
Sample type information was available for 1,294 
positive samples from 13 laboratories. Fecal (n = 
447; 35%), CSF (391; 30%), and respiratory (259; 
20%) specimens were the sample types most often 
collected for parechovirus testing; in some cases 
patients might have provided >1 sample type for 
testing. CSF was the most common specimen type 
collected in Austria, Luxemburg, Spain, England, 
and Scotland; feces in Denmark, Ireland, and the 
Netherlands; and respiratory specimens in Italy/
Lombardy and Slovenia. 

From the 136 successfully typed CSF samples, 
PeV-A3 (40%), A4 (44%), and A5 (22.7%) were the 
only types reported, whereas PeV-A1 (50%), A6 
(41%), and A5 (52%) were identified from 208 fecal 
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Figure 1. Monthly distribution of parechovirus in Europe, overall and by country, 2015–2021. A) Overall monthly distribution. B) Monthly 
distribution for countries reporting >50 infections. 
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samples. From the 90 respiratory samples typed, PeV-
A1 (61%) was the most commonly reported, followed 
by A3 (20%), A6 (12%), and A5 (7%); no type A4 was 
reported in respiratory samples.

Demographic Information and Clinical Manifestations 
Demographic information was available for 1,299 
and clinical information for 1,269 parechovirus case-
patients reported from 14 laboratories in 11 countries. 
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Figure 2. Monthly distribution of 
typed parechoviruses in Europe, 
by type and country, 2015–2021. 
A) Overall monthly distribution. 
B) Monthly distribution of each 
detected type by country of 
detection. Poland reported 1 
type A14 infection in June 2021 
(not shown). 
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Male patients (61%, n = 763) and infants <1 year of age 
(76%, n = 987) accounted for most reported cases; in-
fants <3 months of age accounted for 777 (60%) of re-
ported cases. Symptoms were reported for 1,232/1,479 
(83%) cases; fever (23%, n = 305) and neurologic signs 
(21%, n = 280) were the most common, followed by 
respiratory symptoms (13%, n = 170). Among patients 
with less common signs and symptoms, 45 (3.4%) 
children manifested sepsis, 2 were diagnosed with 
cardiomyopathy, and 1 with hepatitis. Three children 
diagnosed with PeV-A1 infection in the Netherlands 
in 2017 died, but it is unknown whether death was 
related to parechovirus infection. 

Information on age groups and symptoms were 
available for 509/518 (98%) successfully typed cases. 
The most-reported symptom was fever in children in-
fected with PeV-A3 (44%), A4 (50%), and A5 (30%); 

among children infected with PeV-A6, gastrointesti-
nal (35%) and respiratory (25%) symptoms were the 
most commonly reported. Respiratory symptoms 
(37%) were also common among children infect-
ed with PeV-A1 (Figure 3). Most children infected 
with PeV-A3 (87%), A4 (92%), and A5 (91%) were 
<3 months of age, whereas >82% of children infect-
ed with PeV-A1 were >3 months of age (p<0.0001). 
Parechovirus infections were rare (n = 68) in children 
and persons >15 years of age; in that age range, only 
1/68 viruses was successful typed and identified as 
PeV-A3. All detected parechovirus types were associ-
ated with neurologic symptoms, of which 72% were 
typed as PeV-A3, followed by A1 (11%), A5 (7%), A6 
(6%), and A4 (1%). The sole PeV-A14 case was de-
tected in a fecal specimen collected from a child with 
neurologic symptoms from the 6–15-year age group. 
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Figure 3. Detection frequencies 
of different parechovirus 
types in Europe, 2015–2021, 
by sample type (A), disease 
manifestation (B), and patient 
age (C). Numbers above bars 
indicate numbers of cases. 
CSF, cerebrospinal fluid; PeV, 
parechovirus type.
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Phylogenetic Analysis
PeV-A3 was the type most frequently reported by 
participating laboratories. We performed phyloge-
netic analysis of 106 available study sequences in the 
VP3/VP1 junction region to compare relationships 
between potential country- or region-specific groups 
of strains and available previously published PeV-
A3 variants (Figure 4; Appendix Figure 2). Whereas 
the resolution of the tree was limited by the rela-
tively short length of sequences analyzed (256 bp), 
variants from different study regions showed some 
evidence of clustering, possibly representing lo-
cal geographic spread (e.g., in Denmark), although 
there was no evidence for specific variants circulat-
ing exclusively in just 1 or a few countries. Numer-
ous separate older lineages of PeV-A3 circulating 
during 2010–2014 or earlier have largely become ex-
tinct (Appendix Figure 2). 

Discussion 
We report the laboratory capacity, type-related tempo-
ral dynamics, epidemiology, and clinical manifestations 

of parechovirus infections reported from 21 laborato-
ries in 18 countries in Europe over a 7-year study pe-
riod, 2015–2021. We documented extensive capacity for 
parechovirus detection in northern, western, and some 
central European countries participating in our study; 
no parechovirus testing was reported in Bulgaria, the 
Czech Republic, the Slovak Republic, Estonia, or Hun-
gary. Those findings were consistent with literature in 
which limited capacity for parechovirus detection and 
typing was reported outside western and northern Eu-
ropean countries (18–22).

A total of 1,845 parechovirus infections, most 
identified through NPEV surveillance systems, were 
reported by 16 laboratories from 13 countries in Eu-
rope that participated in the study. Four national 
laboratories incorporated parechovirus detection into 
NPEV passive surveillance, collecting data on posi-
tive cases from other laboratories that send samples 
for sequencing after identifying parechovirus. A 
similar passive surveillance system, in which labora-
tories report positive NPEV and parechovirus cases 
to the Centers for Disease Control and Prevention 
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Figure 4. Phylogenetic analysis 
of the VP3/VP1 region of PeV-3 
sequences, Europe, 2015–2021. 
Neighbor-joining phylogenetic 
tree of the VP3/VP1 junction 
region obtained from the study 
samples (n = 106) is labeled by 
country of sample origin and 
compared with 630 available 
sequences spanning the 
analyzed region from GenBank. 
The tree was constructed using 
MEGA 7 (17) using Jukes-
Cantor corrected distances, 
with bootstrap resampling; 
branches showing 70% or 
greater supports were labeled. 
Scale bar indicates substitutions 
per site. A maximum-likelihood 
analysis of the same sequence 
dataset is provided in Appendix 
Figure 2 (https://wwwnc.cdc.gov/
EID/article/30/2/23-0647-App1.
pdf). PeV, parechovirus type; 
VP, viral protein.



Parechovirus A in Europe

(CDC), was implemented in the United States (23). 
During 2014–2016 in the United States, ≈100 domestic 
parechovirus cases were reported to CDC (24); in Eu-
rope, 540 cases from Finland, the Netherlands, Spain, 
and England, were reported over a comparable 
3-year timeframe, 2015–2017. Those figures highlight 
the current volume and likely benefits of the data col-
lected in Europe, along with the potential capacity to 
implement similar systems in additional countries 
within and beyond our region. 

The capacity for parechovirus testing increased 
during the study period from ≈9,000 samples tested 
for parechovirus during 2015–2017 to >14,000 during 
2018–2021. Luxemburg, Poland, and Slovenia suc-
cessfully introduced parechovirus testing in 2017, 
but some 2018–2021 increases in detection capacity 
attributable to new data sources were likely offset by 
several laboratories substantially reducing diagnostic 
and surveillance testing capacity for pathogens not 
related to SARS-CoV-2 during the COVID-19 pan-
demic. The overall detection rate of 1.3% (309/22,928) 
was lower than previously observed rates of 2%–3% 
in Denmark (21) and 13% in Northern Ireland (22). 
However, it is difficult to compare results from our 
study with results from studies that focused mainly 
on select populations, such as children and infants 
needing intensive care unit admission (4). 

Besides countries with passive surveillance, labo-
ratories in 2 countries introduced parechovirus test-
ing for respiratory samples collected during ILI sur-
veillance; because samples were implicitly collected 
from persons with respiratory symptoms only, per-
sons with other parechovirus symptoms would not 
have been captured through those means. Although 
ILI surveillance covered all age groups, young infants 
were likely underrepresented because only 12/130 
parechovirus-positive samples were collected from 
children <3 months of age, which might explain why 
most of the parechovirus infections captured through 
ILI surveillance were identified as PeV-A1, a type un-
common among the youngest infants. Based on this 
finding, ILI surveillance is less likely to capture PeV-
A3 infections in children, especially those <3 months 
of age, because A3 infection manifests with only re-
spiratory symptoms very rarely. Using only ILI sur-
veillance therefore might not be the best option for 
identifying parechovirus (25). 

Twelve laboratories that reported typing ca-
pacity successfully sequenced ≈45% of their posi-
tive samples, so 28% of total parechovirus-positive 
samples reported in this study were typed. PeV-A3, 
the most common type identified in this study, was 
mostly associated with neurologic infections in in-

fants <3 months of age. The association of PeV-A3 
with severe disease, especially in young children, has 
been well documented elsewhere (4,5,8,26–29). Our 
study confirmed both PeV-A3 detection in infants <3 
months of age (77% of all typed cases were from this 
age group) and its severity of infection (73% of infants 
<3 months of age manifested neurologic signs). De-
tection of PeV-A3 in sterile samples, such as CSF and 
blood, confirms its likely systemic nature, which of-
ten leads to severe infection. Most PeV-3 cases were 
originally identified in even-numbered years (2008, 
2010, 2012, 2014, and 2016) in northern Europe, the 
United States, and Australia (18,19,30,31). That bian-
nual seasonal pattern was observed for PeV-A3 in 
Denmark in spring/summer of 2016–2018, but A3 in-
fections appeared to follow a different 2-year cycle in 
Spain, with peaks in 2017 and 2019. PeV-A1, on the 
other hand, appeared to follow an annual cycle peak-
ing later each year. Phylogenetic analysis revealed no 
notable geographic or seasonal clustering of PeV-A3. 

A 2022 increase in PeV-A3 infections affecting new-
borns and young infants and often resulting in severe 
outcomes was noted in the United States using data 
from its passive surveillance system (32–34). Those data 
were used to encourage clinicians to consider parecho-
virus as a differential diagnosis in cases of fever,  
sepsis-like syndrome, seizures, or meningitis without 
another known cause (32,33). Although our findings 
demonstrate that passive parechovirus surveillance 
and diagnostic capacities are already available in Eu-
rope, no upsurge in recorded parechovirus infections 
has been noted to date. In future, better harmonization 
of data collection could be used to monitor the spread 
of parechovirus infections across Europe, complement 
early warning systems, and provide the bases for public 
health recommendations during upsurges. 

Despite ongoing collection and testing of samples 
during the COVID-19 pandemic, parechovirus detec-
tion frequencies for A3–A6 declined dramatically in 
2020–2021 during periods of lockdown, comparable 
to previously documented decreases observed for en-
teroviruses, such as enterovirus D68 (35). An upsurge 
in PeV-A1 but not in other types in autumn 2021 mir-
rored the timing of the reappearance of enterovirus 
D68 and coincided with the end of COVID-19 lock-
down restrictions and increased testing of respira-
tory samples (35). This suggests that PeV-A1 more 
likely spreads through respiratory routes than other 
parechovirus types.

In terms of clinical associations, our large-scale 
description of cases provides evidence for differentiat-
ing disease patterns between parechovirus types. A4 
and A5 infections were detected largely in infants <3 
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months of age and more often in sterile samples, such 
as CSF and blood (Figure 3), both features comparable 
to previously described epidemiologic and clinical 
properties of PeV-A3 (11,36,37). Strikingly, parechovi-
rus types A4 and A5 were also primarily detected in 
children <3 months of age, but PeV-A1 and A6 infec-
tions occurred mainly in children 1–5 years of age. 

Fever and a higher frequency of neurologic 
symptoms were associated with higher percentages 
of PeV-A3 (44%), A4 (50%), and A5 (30%) than A1 or 
A6 cases. Further patient characterization is required 
to evaluate whether PeV-A4 and A5 might be more 
likely to cause neurologic diseases resembling those 
from PeV-A3 (10,31–33). Although clinical profiles in 
our study indicate similar neurologic manifestations 
for PeV-A3 and A4, another study reported that only 
9% of A4 infections resulted in neurologic symptoms, 
much lower than for A3 (91%) (10). It should be noted 
that almost all PeV-A5 infections in our study were 
reported by Austria, the Netherlands, and Spain in 
2018, and more recently by Italy/Lombardy. There-
fore, clinical attributes related to neurologic effects 
might reflect biologic characteristics of circulating 
strains rather than differences in parechovirus type.

Collected data were reported as aggregated in-
formation, limiting the possibility of calculating risk 
ratios for associations between specific parechovirus 
types and clinical symptoms. In addition, each coun-
try used different case definitions and criteria for col-
lecting and testing samples. Those limitations should 
inform interpretation of results and their use as base-
line information for future systematic approaches.

In conclusion, we demonstrate that multiple labo-
ratories located in 13 countries in Europe have been col-
lecting and analyzing data on parechovirus infections, 
including demographic information, clinical features, 
specimen types, and type sequences. Results of inves-
tigating parechovirus epidemiology and collecting and 
analyzing an increasing amount of data suggest that 
this virus causes severe infections, especially in very 
young children. Those findings highlight the need to 
expand parechovirus diagnostics and typing beyond 
current participating laboratories and share protocols 
to develop and initiate more efficient systematic ap-
proaches for identifying parechovirus-positive cases in 
Europe. Future approaches should also include a wid-
er spectrum of age-groups and clinical symptoms. In-
tegrating parechovirus with NPEV surveillance would 
enable better characterization of parechovirus types 
and seasonality across and beyond Europe and sup-
port outbreak detection to improve clinical and public 
health awareness and provide resources to limit the 
spread of parechovirus in Europe. 
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As of May 2023, ≈104 million confirmed SARS-
CoV-2 cases had been reported in the United 

States (1). That case count is certainly an underesti-
mate, given the occurrence of asymptomatic disease; 
self-testing and unreported cases; and limited initial 
diagnostic testing, especially among children. The true 
case count may be gleaned from SARS-CoV-2 serop-
revalence studies. In most parts of the world, includ-
ing the United States, many prevalence estimates have 
been based on convenience samples of adults (2), in-
cluding samples from healthcare settings (3) or from 
US commercial laboratories (4). According to those ap-
proaches, seroprevalence has varied from 10% to 58%, 
depending on the type of serologic test used, calendar 
time in relation to the pandemic, population sampling 
strategy, and characteristics of the population (e.g., de-
mographic, clinical, and healthcare seeking) (3,4).

Population-based seroprevalence estimates from 
nonclinical general populations have been few (5),  

reflecting challenges posed by the COVID-19 pan-
demic with regard to rigorous sampling strategies for 
reaching representative populations (6–9). Some strat-
egies have used social media to recruit diverse popu-
lations but lacked a well-defined sampling frame (10), 
and regional studies with random sampling schemes 
have lacked diverse participation (11–13). In addition, 
many seroprevalence studies have not included de-
tailed demographic and socioeconomic information 
about the participants despite the association of those 
factors with SARS-CoV-2 infection (14–17).

We report the results of the Community Preva-
lence of SARS-CoV-2 Study (COMPASS), which was 
conducted in the first half of 2021 to assess prevalence 
of prior and current SARS-CoV-2 infection among the 
general population of adults and children in largely 
urban communities surrounding established clinical 
research sites in the United States. We based determi-
nation of infection on antibody and PCR positivity. 
We also describe the population-level factors associ-
ated with increased risk for SARS-CoV-2 infection. 
COMPASS used time/location sampling (TLS) as a 
rigorous method of nonprobability sampling of pub-
lic venues near the participating research sites to en-
roll persons from the community (18,19). To improve 
the representativeness of the general population sam-
ple given the mobility restrictions of the pandemic, 
COMPASS also recruited a clinical cohort from out-
patient healthcare facilities and a nursing home co-
hort from residential facilities for older adults.

Methods

Study Design and Setting
COMPASS (ClinicalTrials.gov identifier NCT04658121, 
https://clinicaltrials.gov) was a cross-sectional survey 
sponsored by the National Institute of Allergy and 
Infectious Diseases (NIAID)–funded COVID-19 Pre-
vention Network (20). A total of 68 existing US-based  
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During January–August 2021, the Community Preva-
lence of SARS-CoV-2 Study used time/location sam-
pling to recruit a cross-sectional, population-based co-
hort to estimate SARS-CoV-2 seroprevalence and nasal 
swab sample PCR positivity across 15 US communities.  
Survey-weighted estimates of SARS-CoV-2 infection and 
vaccine willingness among participants at each site were 
compared within demographic groups by using linear re-
gression models with inverse variance weighting. Among 
22,284 persons >2 months of age and older, median 
prevalence of infection (prior, active, or both) was 12.9% 
across sites and similar across age groups. Within each 
site, average prevalence of infection was 3 percentage 
points higher for Black than White persons and average 
vaccine willingness was 10 percentage points lower for 
Black than White persons and 7 percentage points lower 
for Black persons than for persons in other racial groups. 
The higher prevalence of SARS-CoV-2 infection among 
groups with lower vaccine willingness highlights the dis-
parate effect of COVID-19 and its complications.
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NIAID clinical research sites (hereafter called sites) 
were invited to conduct the study with the goal of 
enhancing representative sampling in multiple re-
gions across the United States. The 15 participat-
ing sites (Appendix, https://wwwnc.cdc.gov/EID/
article/30/2/23-0863-App1.pdf) were located in the 
southern, midwestern, mid-Atlantic, and northeastern 
United States as well as Puerto Rico.

Ethics approvals were obtained from a central 
(Advarra) and participating sites’ institutional review 
boards (Appendix). All participants or their represen-
tatives provided written informed consent or assent 
for persons 7–17 years of age with parental/guardian 
consent; remote electronic consent for persons 15–17 
years of age was permissible for parents not physical-
ly present. For adults with mental incapacity, consent 
was provided by a legally authorized representative.

Participants and Sampling
The study population consisted of adults and chil-
dren recruited from the catchment area of each site 
(18). TLS was used to recruit participants in the com-
munity and outpatient clinic cohorts, and because of 
pandemic restrictions to access, convenience sam-
pling was used to recruit the nursing home cohort. 
Ethnographic mapping of community venues in 
each catchment area (e.g., supermarkets, parks, com-
mercial streets, and interviews with venue manag-
ers when relevant) identified time venues (i.e., times 
when venues were available and likely to have foot 
traffic). Clinical venues where persons visiting out-
patient facilities were recruited to the clinical cohort 
were distinct from community venues. The catchment 
area of each site was defined as the postal (ZIP) code 
of the site plus all contiguous ZIP codes, encompass-
ing a population of ≈150,000 (Appendix).

Research teams visited time venues randomly 
selected on the basis of sampling frames updated 
weekly by each site and attempted to recruit all per-
sons at each time venue (Appendix). They collected 
the number of persons approached versus enrolled 
at each time venue, and the resulting ratio was used 
to adjust for nonresponse. Adults >18 years of age 
and children >2 months of age who were recruited 
in the community were eligible for the community 
cohort; adults who were recruited at a selected out-
patient healthcare facility were eligible to join the 
clinical cohort; and those recruited at a senior living 
facility were eligible to join the nursing home cohort. 
For all cohorts (community, outpatient, senior living 
facility), potential participants were excluded if they 
had previously enrolled in the study or if there was 
any condition that, in the opinion of the study staff, 

would interfere with achieving the study objectives. 
COVID-19 vaccination was not exclusionary. Study 
participants received a cash gift card consistent with 
local standards as compensation for time and effort.

We collected demographic, socioeconomic, geo-
graphic, clinical, and household SARS-CoV-2 ex-
posure and infection history information from each 
consenting participant (or a parent of participants <9 
years of age) via an interviewer-administered ques-
tionnaire conducted in English or Spanish in a rela-
tively private location at the venue (e.g., to the side 
of the tent). The questionnaire assessed COVID-19 
symptoms and willingness to receive an approved 
COVID-19 vaccine. At the end of March 2021, the 
questionnaire was updated to allow participants to 
self-report whether they had received an approved 
vaccine (i.e., a US Food and Drug Administration– 
authorized COVID-19 vaccine).

Participants provided whole blood samples via 
venipuncture and mid-turbinate samples via nasal 
swabbing. For participants <2 years of age, blood was 
collected by heel or finger stick, and dried blood spots 
were prepared at study sites. Serum was isolated from 
blood, and serologic evidence of prior SARS-CoV-2 
infection was evaluated by using the Abbott Architect 
SARS-CoV-2 IgG nucleocapsid antibody assay (Ab-
bott Diagnostics), for which, according to manufac-
turer claims, specificity was 99.6% and sensitivity was 
100% (21). To reduce interassay and interlaboratory 
variability, testing was performed at a central labora-
tory (Quest Diagnostics) by use of a single assay. To 
determine the prevalence of active SARS-CoV-2 infec-
tions, PCR analysis was performed on midturbinate 
nasal swab samples by using validated, approved as-
says (Appendix). SARS-CoV-2 PCR results, but not 
serologic results, were returned to study participants.

Outcomes
The primary outcome was the proportion of par-
ticipants with prior SARS-CoV-2 infection, based on 
presence of SARS CoV-2 IgG nucleocapsid antibody 
(Ab+). A secondary outcome was the proportion of 
participants with active SARS-CoV-2 infection, based 
on results of SARS-CoV-2 RNA testing (PCR+). A 
combined outcome of the proportion with prior or 
active SARS-CoV-2 infection was based on having 
a status of Ab+, PCR+, or both. Vaccine willingness 
was defined as the proportion of participants who re-
ported on a 5-point scale that they were likely or very 
likely to receive an approved vaccine or responded 
that they had already received an approved vaccine. 
The proportion of Ab+ participants who reported 
being asymptomatic was based on the number of  
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participants who responded no to all 13 yes/no ques-
tions about experiencing upper respiratory or system-
ic symptoms since November 2019. The proportion of 
PCR+ participants who reported being asymptomatic 
was similarly based on the number who responded 
no when asked about each of the same 13 symptoms 
currently or in the past 14 days (Appendix).

Power Calculation and Statistical Analyses
The target sample size for each of the 4 target age 
groups (<18, 18–39, 40–59, >60 years) in the commu-
nity cohort was 730, based on a prespecified margin 
of error of 2.5% for seroprevalence of <5% and a 5% 
margin of error for seroprevalence of 10%–25% (18). 
Each site therefore sought to enroll 2,920 participants 
from community venues, as well as an additional 500 
adults from outpatient health facilities and 500 adults 
from nursing homes.

We constructed estimates for the 3 laboratory-
based prevalence outcomes as well as vaccine willing-
ness for each of the 15 clinical research site communities 
overall; for each target age group; and by sex assigned 
at birth (female, male), race (Black, White, other), and 
ethnicity (Hispanic, non-Hispanic). Other race cat-
egories were Asian, Native Hawaiian or other Pacific 
Islander, and other, as well as those answering don’t 
know/not sure and prefer not to answer. Prevalence by 
gender identity was not estimated because 68% of en-
rolled participants did not respond to a question about 
current gender identity.  Survey weights accounted for 
sampling design (18), nonresponse, and, per data from 
the American Community Survey (https://data.cen-
sus.gov/table/?d=ACS%205-Year%20Estimates%20
Detailed%20Tables), poststratification (Appendix).

We limited analyses of cross-site summary mea-
sures of the combined endpoint (Ab+, PCR+, or both) 

and vaccine willingness to sites that had enrolled >25 
participants in the specific demographic group and 
described those measures as medians with interquar-
tile ranges (IQRs). We separately compared combined 
prevalence outcome (active infection, prior infection, 
or both) and vaccine willingness within demographic 
groups (age, sex, race, and ethnicity) by using linear 
regression models with inverse variance weight-
ing. We used a robust heteroskedasticity-consistent 
type sandwich variance estimation approach to ac-
count for potential nonconstant error variances in the 
weighted linear regression models that included the 
proportion (e.g., vaccine willingness) as an outcome 
and the demographic variable of interest as a covari-
ate while accounting for site.

Results
We enrolled 26,201 adults and children in the study 
from January 12, 2021, through August 12, 2021; me-
dian recruitment period per site was 164 days (range 
84–199 days, IQR 150–185 days). During that time, 
≈69,000 persons were approached from a cumulative 
total of >450 unique community venues surround-
ing the 15 clinical research sites; 22,284 (≈32%) par-
ticipants enrolled (Figure 1), resulting in a median 
enrollment per community of 1,246 (range 508–2,924, 
IQR 997–1,682) participants. Sites intended to enroll 
one quarter of the community cohort into each of the 
4 age groups; however, only 2,113 (9.5%) enrolled 
participants were <18 years, and the median number 
of children per site was 48 (IQR 24–100). Most sites 
enrolled similar proportions of male and female par-
ticipants from community venues (Appendix Table 
2). A total of 3,111 participants were enrolled in the 
clinical cohort and 806 in the nursing home cohort 
(Appendix Tables 1, 3, 4, Figures 1, 2).
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Figure 1. Participant enrollment from community venues in study of prevalence of SARS-CoV-2 infection among children and adults 
in 15 US communities (COMPASS 2021). Each site completed community enrollment from a median of 30 (interquartile range 24–35) 
venues. At each site, 80% of community enrollments were completed at a median of 13 (interquartile range 8.5–15.5) venues. DBS, 
dried blood spot.
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A total of 22,284 participants of the targeted 43,800 
were enrolled from community venues; of those, 95% 
provided a blood sample for SARS-CoV-2 antibody 
testing and 99% provided a nasal swab sample for 
SARS-CoV-2 PCR testing (Figure 1). Complete data 
were available for 21,189 (95%) community cohort en-
rollees for analysis of a combined endpoint of Ab+, 
PCR+, or both (i.e., evidence of prior or active infec-
tion). The remainder of the findings about the com-
munity cohort pertain to the group of 21,189.

The unadjusted demographic profile for sex and 
ethnicity of the community cohort was similar to the 
estimated demographic profiles for most communities 
according to corresponding county-level data from the 
American Community Survey (Figure 2); however, the 
profile by race differed at several sites. In addition, prev-
alence of race varied widely, from 9% to 89% for Black 
persons (median 37% [IQR 24%–62%] across sites) and 
from 6% to 80% for White persons (median 28% [IQR 
15%–60%] across sites). Hispanic ethnicity varied from 
3% to 98% (median 33% [IQR 9%–47%] across sites).

Median seropositivity of the community cohort 
(Appendix Table 5, Figure 3), determined according 
to 2,272 Ab+ participants, was 12.4% (IQR 9.1%–14%); 
seropositivity was similar for the clinical cohort (11.3% 
[IQR 7.7%–15.5%]) but lower for the nursing home co-
hort (3.3% [IQR 2.4%–7.7%]). Of note, 50% of the nurs-
ing home cohort participants were recruited in Puerto 
Rico, where seroprevalence for all age groups was 
3%–5% (Figure 3, panel B). The median overall preva-
lence of active infection (PCR positivity) in the commu-
nity cohort across all sites (Appendix Table 5, Figure 3),  

determined according to 189 PCR+ participants, was 
0.8% (IQR 0.2%–1.5%) A total of 64 participants enrolled 
in COMPASS were both PCR+ and Ab+ (52 from the 
community cohort and 12 from the clinical cohort).

In the community cohort, overall median preva-
lence across all 15 site-level estimates of the combined 
endpoint, based on PCR+ or Ab+ status, was 12.9% 
(range 4.9%–18%, IQR 9.2%–14%) (Figure 3, panel A). 
Although prevalence varied widely, when we looked 
at demographic differences within each site, we found 
no difference in average prevalence of prior or active 
infection by age, whether considering the 4 age groups 
at all sites (Figure 3, panel A) or comparing children 
(<18 years of age) with adults (>18 years of age) at 
each of the 10 sites that enrolled >25 children (Figure 3, 
panel B). We also found no difference in average prev-
alence by participant sex or ethnicity (Figure 3, panel 
A). Within each site, however, the average prevalence 
estimate for Black participants was 3 percentage points 
higher than for White participants (p<0.01) and 2.4 
percentage points higher than for those with race iden-
tified as other (p = 0.11). Among participants >18 years 
of age, we found a nonsignificant association between 
a higher prevalence of active or prior SARS-CoV-2 
infection and a lower level of attained education (Ap-
pendix Figure 4). We found no association between 
COVID-19 and income level; however, many (32.8%) 
participants reported their household income as don’t 
know or prefer not to answer (data not shown).

About half of seropositive persons in the com-
munity cohort reported that they had not ever  
experienced COVID-19 symptoms (median 50.0%  
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Figure 2. Demographic characteristics of community cohort (n = 21,189) in study of prevalence of SARS-CoV-2 infection among children 
and adults in 15 US communities (COMPASS 2021) and the 2020 US Census American Community Survey (https://www.census.gov/
programs-surveys/acs) for each site.A) sex; B) race; C) ethnicity.
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[IQR 45.3%–63.8%]; data not shown). Similarly, 
about half of PCR+ persons in the community co-
hort reported not having experienced symptoms 
within the 14 days before their participation in the 
survey (median 52.4% [IQR 50.0%–62.4%]; data not 
shown). In contrast, among the seronegative persons 
in the community cohort, a median of 80.9% (IQR 
75.7%–83.4%; data not shown) reported they had not 
ever experienced COVID-19 symptoms. Similarly, a 
median of 79.8% of PCR-negative persons (IQR 75.7–
83.1%; data not shown) in the community cohort re-
ported not having experienced symptoms within the 
14 days before the survey.

In a separate analysis of self-reported PCR and 
antibody results among the 21,940 persons who en-
rolled and tested antibody negative in COMPASS 

(18,629 from the community cohort), prevalence of 
a self-reported prior positive COVID-19 test (nasal 
swab sample) was 4.9% (n = 1,067) and prevalence of 
a self-reported prior positive antibody test was 2.4% 
(n = 526) (data not shown). By contrast, among the 
2,792 who enrolled and tested antibody positive in  
COMPASS (2,380 from the community cohort), prev-
alence of a self-reported prior positive COVID-19 test 
(nasal swab sample) was 33.4% (n = 933) and preva-
lence of a self-reported prior positive antibody test 
was 7.9% (n = 221) (data not shown).

Overall, across 15 site-level estimates, the median 
percentage of persons in the community cohort who 
reported being willing to receive a COVID-19 vaccine 
was 78% (IQR 72%–82%); the percentage was higher 
among participants >60 years of age (median 89%, 
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Figure 3. Prevalence of active 
or prior COVID-19 infection in 
15 US communities, community 
cohort (n = 21,189), COMPASS 
2021. A) By demographic 
characteristic across all sites. 
B) By age and site. Error bars 
indicate interquartile ranges. 
Note: Analysis of age limited to 
communities with >25 children 
who had complete data.
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IQR 84%–92%) compared with those 18–39 years of 
age (median 74%, IQR 67%–83%) and 40–59 years of 
age (median 76%, IQR 74%–81%) (Figure 4). The me-
dian percentage of participants who reported being 
willing to receive a vaccine was 71.4% (IQR 64.8%–
76.3%) for Black, 78% (IQR 68.8%–82.5%) for other 
race, and 84.2% (IQR 73.6%–87.0%) for White partici-
pants (Appendix Table 6). We found no differences 
in willingness to receive a vaccine by sex or ethnicity 
across the sites. When looking at demographic differ-
ences within each site, we found that vaccine willing-
ness among those >60 years of age was an average of 
10 percentage points higher than among those 40–59 
(p<0.01) years of age, 11 percentage points higher than 
those 18–39 (p<0.01) years of age, and 22 percentage 
points higher than those <18 years of age (p<0.01). 
Similarly, the average difference among participants 
who reported being willing to receive a vaccine was 
10 percentage points lower for Black compared with 
White participants (p<0.01) and 7 percentage points 
lower for Black participants than for persons in other 
racial groups (p<0.01).

Discussion
COMPASS, a population-based cross-sectional se-
rosurvey, enrolled ≈22,000 adults and children from 
community venues in 15 largely urban US settings in 
the first half of 2021 and found that the overall preva-
lence of prior and active SARS-CoV-2 infection was 
12.9%. TLS, typically used to recruit hard-to-reach 
populations (19), was an innovative way to randomly 
sample populations representative of diverse com-
munities amid pandemic restrictions to access and 

movement, based on demographic comparisons with 
the American Community Survey. Contrasting with 
initial reports of COVID-19 (22–24), population-based 
prevalence did not vary by age, indicating that acqui-
sition was similar for all age groups. In addition, de-
spite prevalence of prior or active COVID-19 being 
higher among Black participants, fewer Black partici-
pants in the sampled communities were willing to re-
ceive an approved COVID-19 vaccine compared with 
participants who were from White or other racial 
groups, a finding that may have magnified the dispa-
rate burden of COVID-19 and associated outcomes in 
these communities.

Compared with our findings, studies conducted 
in healthcare settings may have arrived at higher 
estimates of COVID-19 prevalence (3,4), reflect-
ing the symptomatic status, healthcare access, and 
healthcare-seeking behavior of clinical populations. 
For example, a commercial laboratory seropreva-
lence study conducted in the United States during 
the second half of 2021 assessed at 4-week intervals 
convenience samples of blood specimens collected for 
clinical testing and found an overall US seropreva-
lence of 33.5% in December 2021 (4). Similar to our 
findings with regard to age, the study of commercial 
laboratory samples also found that seroprevalence 
among children and adults did not differ. Whether 
for COVID-19 or other widespread outbreaks, such 
as mpox, seroprevalence estimates from population-
based studies that include those who are less likely 
to engage in care, combined with estimates from  
healthcare settings, may offer the most comprehen-
sive picture of outbreak effects at that point in time.
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Figure 4. Prevalence of COVID-19 vaccine willingness in 15 US communities, by demographic characteristics, all sites, community 
cohort, COMPASS 2021. Note: Analysis of age limited to communities with >25 children who had complete data.
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COMPASS found that willingness to receive a 
vaccine during the first half of 2021, during the earli-
est stages of vaccine availability in the United States, 
was 10 percentage points lower among Black par-
ticipants and 7 percentage points lower among oth-
er race participants than among White participants. 
Monthly telephone surveys of immunization prac-
tices, conducted during December 2020–November 
2021, found a similar level of racial disparity in April 
2021 (25). By November 2021, racial disparities in 
COVID-19 vaccine uptake in the United States were 
no longer evident (26); nonetheless, 1 year later, by 
December 2022, Black race and Hispanic ethnicity 
remained associated with higher rate ratios of age-
adjusted hospitalization and death compared with 
White race (26,27), indicating that vaccine uptake 
alone did not explain disparities in outcomes.

Strengths of our study included collection of bio-
logical samples and detailed demographic, behav-
ioral, and self-reported clinical data from randomly 
sampled persons from the general population, includ-
ing children. COMPASS used a centrally managed 
approach to TLS to ensure a participant population 
that reflected the communities surrounding clinical 
research sites participating in COVID-19 vaccine tri-
als. The weekly systematic updating of community 
venue sampling frames was a novel way to adapt to 
changing COVID-19 guidelines and restrictions as 
well as to fluctuating weather (18). The prevalence 
of active infection was based on validated laboratory 
assays performed on approved platforms. Although 
we did not assess serologic evidence of vaccine im-
munity (SARS-CoV-2 spike antibody), the serologic 
assessment of prior infection through a single assay 
conducted at a centralized laboratory yielded rigor-
ous seroprevalence findings.

Limitations of our study included conducting it 
in the first half of 2021, just before the Delta variant 
became dominant in the United States, when vaccines 
were becoming available, home-based rapid test kits 
were not yet widely available, and even PCR test-
ing was often not easily available. Although enroll-
ment targets, especially for children, were not fully 
achieved, the study had sufficient power to compare 
both seroprevalence and the combined endpoint 
of seroprevalence, PCR positivity, or both, by age 
group. The results do not reflect the entire US popu-
lation but do reflect persons who were well enough 
to attend commonly frequented venues in diverse, 
largely urban communities surrounding the partici-
pating clinical research sites, who represent those 
who had more exposure to COVID-19 compared with 
those who were homebound. Sampling largely urban 

settings was relevant, given that the US population 
is 80% urban (28) and that, globally, COVID-19 cases 
had a large effect in urban settings, especially in the 
earlier stages of the epidemic (29). Serologic testing 
may have underestimated seroprevalence because of 
either absent or low titers after a mild infection (30) or 
waning antibody titers after a distant (>6 months) in-
fection (31). Last, recall and social desirability biases 
may have affected the accuracy of replies to some sec-
tions of the questionnaire.

In our population-based survey, we used TLS to 
recruit members of the general population who were 
relatively hard to reach because of the status of the 
COVID-19 pandemic. Our findings demonstrate that 
prior and active SARS-CoV-2 infection varied widely 
by community but, contrasting with initial reports, 
not by age. Half of Ab+ and PCR+ participants re-
ported no symptoms, underscoring the limitations of 
case-based reporting and the potential for asymptom-
atic transmission (32,33). Our findings of higher prev-
alence of prior or active COVID-19 among persons 
who were less willing to get vaccinated highlight the 
value of tailoring public health efforts to the commu-
nities most likely to continue to experience disparate 
effects COVID-19 and its complications.

Acknowledgments
We thank all the COMPASS study participants as well as 
the key study staff and their institutions for their con-
tributions to the COMPASS study: The Ponce de Leon 
Center CRS, Atlanta, GA: Aryn Prince, Jessica Swiniarski, 
Santiago Tovar; Johns Hopkins CRS Baltimore, MD: Kelly 
Lowenson, Jess LaRicci, Adam Bocek, Woudase Gallo; 
Bronx Prevention Research Center CRS, New York, NY: 
Nandita Sugandhi, Rita Sondengam, Saranya Naidu, Kyle 
Eiffler; UIC Project Wish Clinical Research Site (CRS),  
Chicago, IL: Scott Lea, Taylor Ellis; Cincinnati CRS,  
Cincinnati, OH: Delia P. Miller, Sylvere Mukunzi,  
Sydnei Simpson, Madison Riddell, Kristin N. Weghorn, 
Justin Benoit, Diego F. Cuadros; Harlem Prevention Center 
CRS, New York, NY: Sharon B Mannheimer, Julie Franks, 
Avelino Jun Loquere, Kamesha Martin, Ibrahima Cisse, 
Vidhi Patel, Elvis Ndansi; Baylor College of  
Medicine, Houston, TX: Hana M. El Sahly, Maria  
Carmenza Mejia, Abiodun Oluyomi, Winnifred Hamilton, 
Catherine Mary Healy, Merin Thomas, Pedro A. Piedra, 
Kathryn Edwards, Gloria Liao, Dakai Zhu, Sarah Selleck; 
University of Miami, IDRU at Jackson Memorial Hospital 
CRS, Miami, FL: Stefani Butts, Mariano Kanamori, Zinzi 
Bailey; New Orleans Adolescent Trials Unit CRS, New 
Orleans, LA: Julie H. Hernandez, Susan E. Abdalian,  
Ratnayake, Susan Abdalian, Norine Schmidt; Columbia 
P&S CRS, New York, NY: Jorge Benitez, Henry Peralta, 

252	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 2, February 2024



Prevalence of SARS-CoV-2 in 15 US Communities

Jackie Wu, Ariana Pazmino, Renee Roberts, Tae Y. Kim, 
Marvin Castellon, Jonathan Kunkel-Jure, Sade Tukuru, 
Mascha Elskamp; New Jersey Medical School CRS,  
Newark, NJ: Rondalya Deshields, Christie Lyn Costanza, 
Naema Milead, Zoraida Cruz-Barahona, Charles Oh,  
Sivanne Mendelson, Briana Brodie, Megan Shanahan, 
Ashley Zenerovitz, Pansy Law, Andrew Morero, Xena 
Agbolou, Travis Love; Penn Prevention CRS, Philadelphia,  
PA: Juan Diego Ramirez, Victoria Milano, Meredith Page 
Miller; University of Pittsburgh, Pittsburgh, PA: Stacey 
Edick, Jim Gavel, Jenn Oakley, Angel Servillo, Justin  
Mondry, Linda Frank, Todd Bear, Wendy King, Dara 
Mendez, Gabby Yearwood; St. Louis University VTEU, 
CAIMED-PHSU, Ponce, Puerto Rico: Lydiet Dedos,  
Nancy Jimenez, Velma Franceschini, Frances Figueroa, 
Luisa I. Alvarado, Odette Oliveri.

This research was supported by the National Institutes of 
Health (Office of the Director, National Institute of Allergy 
and Infectious Disease, National Institute on Drug Abuse, 
National Institute of Mental Health, and the Eunice Kennedy 
Shriver National Institute of Child Health and Human  
Development). All authors were supported by UM1AI068619 
except as follows: UM1AI068617 (T.S., S.Z., J.D.T., L.E., I.B., 
and K.Y.), UM1AI068613 (M.A.M., E.P.-M., and S.A.); and 
T32AI114398 (D.R). The content is solely the responsibility 
of the authors and does not necessarily represent the official 
views of the National Institutes of Health.

About the Author
Dr. Justman is an infectious disease specialist, global 
health expert, and professor of medicine in  
epidemiology and senior technical director at ICAP, a 
global public health center at the Mailman School of  
Public Health at Columbia University. Her research  
interests include HIV prevention, care, and treatment  
in sub-Saharan Africa and the United States as well  
as COVID-19.

References
  1.	 Centers for Disease Control and Prevention. Trends in 

United States COVID-19 hospitalizations, deaths, emergency 
department (ED) visits, and test positivity by geographic 
area [cited 2023 May 2]. https://covid.cdc.gov/covid-data-
tracker/#trends_weeklydeaths_select_00

  2.	 Akinbami LJ, Kruszon-Moran D, Wang CY, Storandt RJ, 
Clark J, Riddles MK, et al.SARS-CoV-2 serology and self-
reported infection among adults—National Health and 
Nutrition Examination Survey, United States, August 2021–
May 2022. MMWR Morb Mortal Wkly Rep. 2022;71:1522–5. 
https://doi.org/10.15585/mmwr.mm7148a4

  3.	 Anand S, Montez-Rath M, Han J, Bozeman J, Kerschmann R,  
Beyer P, et al. Prevalence of SARS-CoV-2 antibodies in a 
large nationwide sample of patients on dialysis in the USA:  
a cross-sectional study. Lancet. 2020;396:1335–44.  
https://doi.org/10.1016/S0140-6736(20)32009-2

  4.	 Clarke KEN, Jones JM, Deng Y, Nycz E, Lee A, Iachan R,  
et al. Seroprevalence of infection-induced SARS-CoV-2  
antibodies—United States, September 2021–February  
2022. MMWR Morb Mortal Wkly Rep. 2022;71:606–8. 
https://doi.org/10.15585/mmwr.mm7117e3

  5.	 Sullivan PS, Siegler AJ, Shioda K, Hall EW, Bradley H,  
Sanchez T, et al. Severe acute respiratory syndrome  
coronavirus 2 cumulative incidence, United States, August 
2020–December 2020. Clin Infect Dis. 2022;74:1141–50. 
https://doi.org/10.1093/cid/ciab626

  6.	 Blumberg SJ, Parker JD, Moyer BC. National Health  
Interview Survey, COVID-19, and online data collection 
platforms: adaptations, tradeoffs, and new directions.  
Am J Public Health. 2021;111:2167–75. https://doi.org/ 
10.2105/AJPH.2021.306516

  7.	 Paulose-Ram R, Graber JE, Woodwell D, Ahluwalia N. 
The National Health and Nutrition Examination Survey 
(NHANES), 2021–2022: adapting data collection in a  
COVID-19 environment. Am J Public Health. 2021;111:2149–
56. https://doi.org/10.2105/AJPH.2021.306517

  8.	 Ward JA, Stone EM, Mui P, Resnick B. Pandemic-related 
workplace violence and its impact on public health officials, 
March 2020–January 2021. Am J Public Health. 2022;112:736–
46. https://doi.org/10.2105/AJPH.2021.306649

  9.	 Shook-Sa BE, Boyce RM, Aiello AE. Estimation without 
representation: early severe acute respiratory syndrome 
coronavirus 2 seroprevalence studies and the path forward.  
J Infect Dis. 2020;222:1086–9. https://doi.org/10.1093/
infdis/jiaa429

10.	 Kreuter F, Barkay N, Bilinski A, Bradford A, Chiu S, Eliat R, 
et al. Partnering with a global platform to inform research 
and public policy making: what needs to be in place to 
make a global COVID-19 survey work? Surv Res Methods. 
2020;14:159–63.

11.	 Snyder T, Ravenhurst J, Cramer EY, Reich NG, Balzer L, 
Alfandari D, et al. Serological surveys to estimate  
cumulative incidence of SARS-CoV-2 infection in adults 
(Sero-MAss study), Massachusetts, July-August 2020: a 
mail-based cross-sectional study. BMJ Open. 2021;11:e051157. 
https://doi.org/10.1136/bmjopen-2021-051157

12.	 Cardenas VM, Kennedy JL, Williams M, Nembhard WN, 
Zohoori N, Du R, et al. State-wide random seroprevalence 
survey of SARS-CoV-2 past infection in a southern US state, 
2020. PLoS One. 2022;17:e0267322. https://doi.org/10.1371/
journal.pone.0267322

13.	 Cowgill KD, Erosheva EA, Elder A, Miljacic L, Buskin S,  
Duchin JS. Anti-SARS-CoV-2 seroprevalence in King  
County, WA—cross-sectional survey, August 2020. PLoS 
One. 2022;17:e0272783. https://doi.org/10.1371/ 
journal.pone.0272783

14.	 Etti M, Fofie H, Razai M, Crawshaw AF, Hargreaves S,  
Goldsmith LP. Ethnic minority and migrant  
underrepresentation in Covid-19 research: causes and  
solutions. EClinicalMedicine. 2021;36:100903.  
https://doi.org/10.1016/j.eclinm.2021.100903

15.	 Karmakar M, Lantz PM, Tipirneni R. Association of social 
and demographic factors with COVID-19 incidence and 
death rates in the US. JAMA Netw Open. 2021;4:e2036462. 
https://doi.org/10.1001/jamanetworkopen.2020.36462

16.	 Lackland DT, Sims-Robinson C, Jones Buie JN, Voeks JH. 
Impact of COVID-19 on clinical research and inclusion of 
diverse populations. Ethn Dis. 2020;30:429–32.  
https://doi.org/10.18865/ed.30.3.429

17.	 Aliseda-Alonso A, Lis SB, Lee A, Pond EN, Blauer B,  
Rutkow L, et al. The missing COVID-19 demographic  
data: a statewide analysis of COVID-19-related demographic  

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 2, February 2024	 253



RESEARCH

data from local government sources and a comparison  
with federal public surveillance data. Am J Public  
Health. 2022;112:1161–9. https://doi.org/10.2105/
AJPH.2022.306892

18.	 Zangeneh SZ, Skalland T, Yuhas K, Emel L, Tapsoba JD,  
Reed D, et al. Adaptive time location sampling for  
COMPASS, a SARS-COV-2 prevalence study in fifteen  
diverse communities in the United States. Epidemiology.  
2023. Epub ahead of print https://doi.prg/. 10.1097/
EDE.0000000000001705

19.	 Muhib FB, Lin LS, Stueve A, Miller RL, Ford WL,  
Johnson WD, et al.; Community Intervention Trial for Youth 
Study Team. A venue-based method for sampling  
hard-to-reach populations. Public Health Rep. 2001;116 
(Suppl 1):216–22. https://doi.org/10.1093/phr/116.S1.216

20.	 NIH launches clinical trials network to test COVID-19  
vaccines and other prevention tools. July 8, 2020 [cited 2022 
Sep 22]. https://www.nih.gov/news-events/news-releases/
nih-launches-clinical-trials-network-test-covid-19-vaccines-
other-prevention-tools

21.	 Food and Drug Administration. EUA authorized serology test 
performance 2022 [cited 2023 Sep 30]. https://www.fda.gov/
medical-devices/covid-19-emergency-use-authorizations-
medical-devices/eua-authorized-serology-test-performance

22.	 Sinaei R, Pezeshki S, Parvaresh S, Sinaei R. Why COVID-19 
is less frequent and severe in children: a narrative review. 
World J Pediatr. 2021;17:10–20. https://doi.org/10.1007/
s12519-020-00392-y

23.	 Mehta NS, Mytton OT, Mullins EWS, Fowler TA, Falconer CL,  
Murphy OB, et al. SARS-CoV-2 (COVID-19): what do we 
know about children? a systematic review. Clin Infect Dis. 
2020;71:2469–79. https://doi.org/10.1093/cid/ciaa556

24.	 Zimmermann P, Curtis N. COVID-19 vaccination coverage,  
by race and ethnicity—National Immunization Survey  
Adult COVID Module, United States, December 2020– 
November 2021. Arch Dis Child. 2020 Dec 1 [Epub ahead of 
print]. https://doi.org/10.1136/archdischild-2020-320338

25.	 Kriss JL, Hung MC, Srivastav A, Black CL, Lindley MC, 
Lee JT, et al. COVID-19 Vaccination Coverage, by Race and 
Ethnicity - National Immunization Survey Adult COVID 
Module, United States, December 2020–November 2021. 
MMWR Morb Mortal Wkly Rep. 2022;71:757–63.  
https://doi.org/10.15585/mmwr.mm7123a2

26.	 Booth A, Reed AB, Ponzo S, Yassaee A, Aral M, Plans D,  
et al. Population risk factors for severe disease and mortality 
in COVID-19: a global systematic review and meta-analysis. 
PLoS One. 2021;16:e0247461. https://doi.org/10.1371/ 
journal.pone.0247461

27.	 Centers for Disease Control and Prevention. Hospitalization  
and death by race/ethnicity 2022 [cited 2023 Feb 15]. 
https://www.cdc.gov/coronavirus/2019-ncov/covid-data/
investigations-discovery/hospitalization-death-by-race-
ethnicity.htm

28.	 US Census Bureau. 2020 Census urban areas facts [cited  
2023 May 3]. https:///www.census.gov/programs-surveys/
geography/guidance/geo-areas/urban-rural/ 
2020-ua-facts.html

29.	 Guterres A. COVID-19 in an urban world [cited 2023 May 
3]. https://www.un.org/en/coronavirus/covid-19-urban-
world#:~:text=Urban%20areas%20are%20ground%20zero, 
sanitation%20services%2C%20and%20other%20 challenges

30.	 Buss LF, Prete CA Jr, Abrahim CMM, Mendrone A Jr,  
Salomon T, de Almeida-Neto C, et al. Three-quarters attack 
rate of SARS-CoV-2 in the Brazilian Amazon during a 
largely unmitigated epidemic. Science. 2021;371:288–92. 
https://doi.org/10.1126/science.abe9728

31.	 Peluso MJ, Takahashi S, Hakim J, Kelly JD, Torres L, Iyer 
NS, et al. SARS-CoV-2 antibody magnitude and detectability 
are driven by disease severity, timing, and assay. Sci Adv. 
2021;7:eabh3409. https://doi.org/10.1126/sciadv.abh3409

32.	 Johansson MA, Quandelacy TM, Kada S, Prasad PV, 
Steele M, Brooks JT, et al. SARS-CoV-2 transmission from 
people without COVID-19 symptoms. JAMA Netw Open. 
2021;4:e2035057. https://doi.org/10.1001/ 
jamanetworkopen.2020.35057

33.	 Ma Q, Liu J, Liu Q, Kang L, Liu R, Jing W, et al. Global  
percentage of asymptomatic SARS-CoV-2 infections among 
the tested population and individuals with confirmed  
COVID-19 diagnosis: a systematic review and  
meta-analysis. JAMA Netw Open. 2021;4:e2137257.  
https://doi.org/10.1001/jamanetworkopen.2021.37257

Address for correspondence: Jessica Justman, Columbia 
University, 722 W 168th St, Rm 1315, New York, NY 10032, USA; 
email: jj2158@cumc.columbia.edu

254	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 2, February 2024



Ceftazidime/avibactam (CAZ/AVI), approved for 
clinical use in 2015, is among the latest genera-

tion of commercialized antimicrobial drugs offering 
a valuable feature of being active against many types 
of carbapenem-resistant, gram-negative organisms 
(1). CAZ/AVI is mostly used for treating severe in-
fections caused by Klebsiella pneumoniae carbapenemase 
(KPC)–producing Enterobacterales (KPC-E), com-
monly associated with high illness and death rates 
(2). CAZ/AVI has also been reported to show excel-
lent activity against producers of various clinically 
relevant β-lactamases, including extended-spectrum 
β-lactamases, AmpC β-lactamases, and some class 

D enzymes with carbapenemase activity (e.g., OXA-
48–type enzymes), but not against the metallo-β-
lactamase (MBLs) producers, such as those produc-
ing NDM, VIM, and IMP enzymes, that account for 
a high proportion of CAZ/AVI-resistant isolates (3) 
because MBL activities are resistant to the inhibition 
by AVI.

Although still uncommon, acquired resistance to 
CAZ/AVI is being increasingly reported and might 
represent a serious cause of concern (1). Acquired re-
sistance to CAZ/AVI in non–MBL-producing gram-
negative bacteria is attributed mostly to amino acid 
substitutions in β-lactamases (i.e., mutations in the 
blaKPC, blaCTX-M-14, blaCTX-M-15, and blaVEB-1 genes [4–7]), 
reduced expression of structural modifications, 
loss of outer membrane proteins (i.e., alterations in 
OmpK35/36 protein sequences), and overexpres-
sion of efflux pumps or mutation in the penicillin-
binding proteins (8–10). Mutations or deletions in the 
Ω-loop region (amino acid positions 164–179) of KPC 
β-lactamases represent the most frequent mechanism 
leading to acquired resistance to CAZ/AVI resistance 
among KPC-producing Klebsiella pneumoniae isolates. 
KPC variants conferring CAZ/AVI resistance are 
usually associated with weaker carbapenemase activ-
ity and low carbapenem MICs (with recovered sus-
ceptibility to carbapenems), therefore generating rel-
evant difficulties regarding its phenotypic detection 
(1,2,11–18). In addition, resistance to CAZ/AVI was 
reported to be associated with an increased expression 
of wild-type KPC-3 or even SHV-type β-lactamases 
in several gram-negative isolates (19,20), Hyperpro-
duction and alterations of chromosome- or plasmid- 
encoded AmpC β-lactamases in Citrobacter freundii and 
Enterobacter cloacae (21–23) have been also reported.

Broth microdilution (BMD) is the standard method 
for determining CAZ/AVI resistance/susceptibility 
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We developed a novel culture-based test, the Rapid 
CAZ/AVI NP test, for rapid identification of ceftazidime/
avibactam susceptibility/resistance in Enterobacterales. 
This test is based on glucose metabolization upon bacte-
rial growth in the presence of a defined concentration of 
ceftazidime/avibactam (128/53 µg/mL). Bacterial growth 
is visually detectable by a red to yellow color change of 
red phenol, a pH indicator. A total of 101 well charac-
terized enterobacterial isolates were used to evaluate 
the test performance. This test showed positive percent 
agreement of 100% and negative percent agreement of 
98.5% with overall percent agreement of 99%, by com-
parison with the MIC gradient strip test (Etest) taken as 
the reference standard method. The Rapid CAZ/AVI NP 
test had only 1.5% major errors and 0% extremely major 
errors. This test is rapid (result within 2 hours 45 min-
utes), reliable, affordable, easily interpretable, and easy 
to implement in clinical microbiology laboratories without 
requiring any specific equipment.
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(24). Other techniques, such as commercially available 
broth microdilution panels (ThermoFisher Scientific, 
https://www.thermofisher.com; Merlin Diagnosti-
ka, https://www.merlin-diagnostika.de; Microscan, 
https://automation.omron.com; Vitek, https:// 
vitekcctv.com; and Phoenix, https://www.bd.com/ 
platforms), gradient diffusion tests (Liofilchem  
https://www.liofilchem.com; and bioMèrieux, 
https://www.biomerieux.com), and disk diffusion 
tests can alternatively be used (25). All those techniques 
are time-consuming, requiring 18 hours to obtain re-
sults. Recent studies reported that those CAZ/AVI- 
resistant but carbapenem-susceptible KPC producers 
are undetectable by the main phenotypic carbapen-
emase detection assays, such as lateral immunochro-
matographic assays, the Carba NP test (bioMèrieux), 
and the modified carbapenem inactivation method, be-
cause of the weak carbapenemase activity of the KPC 
variants (26–28). The false-negative results obtained 
by using immunochromatographic tests probably re-
sulted from changes in the antigenic structure of the 
enzyme, leading to low-binding affinity and lack of de-
tection consequently (29). In addition, failure of detec-
tion by selective screening media designed for detect-
ing carbapenem-resistant Enterobacterales, because of 
their low carbapenems MICs, has been reported (27).

Failure to detect such acquired resistance to a 
last-resort therapeutic option represents a serious 
concern, which might be at the source of dramatic 
therapeutic failure, apart from preventing from 
early recognition of such problem eventually lead-
ing to nosocomial outbreaks. Consequently, there 
is a crucial need for a rapid method to accurately 
detect CAZ/AVI susceptibility/resistance among 
multidrug-resistant Enterobacterales, especially for 
KPC-producing isolates, to optimally adapt empiri-
cal treatment and also limit further spread by using 
prompt infection control measures.

In this study, we attempted to develop a novel 
culture-based test, namely the Rapid CAZ/AVI NP 
test, based on carbohydrate metabolism and de-
tecting bacterial growth (or absence of growth) in 
the presence of a defined concentration of CAZ/
AVI. We also determined rapid categorization of 
CAZ/AVI susceptibility/resistance for multidrug- 
resistant Enterobacterales.

Methods

Bacterial Strains
To evaluate the performance of the Rapid CAZ/AVI 
NP test, we used 101 nonduplicate enterobacterial 
isolates obtained from the Swiss National Reference  

Center of Emerging Antibiotic Resistance (University 
of Fribourg, Fribourg, Switzerland). The enterobacte-
rial isolates included 35 CAZ/AVI–resistant strains: 
16 Escherichia coli, 12 K. pneumoniae, 3 Enterobacter cloa-
cae, 1 C. freundii, 1 Providencia stuartii, and 2 Proteus 
mirabilis. We also tested 66 CAZ/AVI–susceptible 
strains: 20 E. coli, 24 K. pneumoniae, 11 Enterobacter cloa-
cae, 3 Citrobacter freundii, 4 Klebsiella oxytoca, 1 Klebsiella 
aerogenes, 1 Citrobacter koseri, 1 Hafnia alvei, and 1 Mor-
ganella morganii (Appendix Table, https://wwwnc.
cdc.gov/EID/article/30/2/23-1398-App1.pdf). The 
isolates were obtained from various clinical sources 
(blood cultures, respiratory specimens, urinary tract 
infections) and from various continents (Europe, 
America, Asia, Africa, and Australia). The strains 
were all identified by using the EnteroPluri-test (Li-
ofilchem SRL, https://www.liofilchem.com) or by 
whole-genome sequencing. They had previously been 
characterized for their major β-lactam resistance de-
terminants by PCR and sequencing (Appendix Table).

CAZ/AVI Susceptibility Testing
We determined MICs for CAZ/AVI by using Etest 
strips (bioMérieux) on Mueller-Hinton agar plates 
at 37°C according to the manufacturer’s instructions. 
Results were interpreted according to the latest EU-
CAST breakpoints for Enterobacterales (https://www.
eucast.org/fileadmin/src/media/PDFs/EUCAST_
files/Breakpoint_tables/v_12.0_Breakpoint_Tables.
pdf) (i.e., susceptibility [S] <8 µg/mL; resistance [R] 
>8 µg/mL) (24). We used the reference strain E. coli 
ATCC 25922 as the quality control for all tests.

Rapid CAZ/AVI NP Test
On the basis of our previous experience developing 
several rapid diagnostic NP tests, we set and com-
pared different parameters to determine the optimal 
conditions of the Rapid CAZ/AVI NP test by us-
ing 2 CAZ/AVI–susceptible isolates (1 E. coli ATCC 
25922 and 1 KPC3-producing K. pneumoniae 3074) as 
negative controls and 2 CAZ/AVI–resistant isolates 
(1 NDM-5-producing E. coli 3031 and 1 KPC-41-pro-
ducing K. pneumoniae 3007) as positive controls. 
Those parameters included bacterial inoculum, 98% 
ceftazidime pentahydrate (Acros Organics, Thermo-
fisher Scientific) concentrations, avibactam sodium 
hydrate (MedChem Express, distributed by Lucerna-
Chem, https://lucerna-chem.ch) concentrations, and 
incubation times with and without shaking. After 
comparison of the results with different parameters, 
all experiments were performed in triplicate by 2 
persons using the optimal protocol obtained, as de-
scribed below.
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Rapid Detection of Ceftazidime/Avibactam Resistance

Rapid CAZ/AVI NP Solution
Similar to the process for the Rapid Polymyxin NP test 
(30), we prepared 250 mL of the Rapid CAZ/AVI NP 
solution by mixing the culture medium and the pH in-
dicator in a glass bottle as follows: 6.25 g of Mueller- 
Hinton CA powder, 0.0125 g of phenol red (Sigma 
Aldrich, https://www.sigmaaldrich.com), 2.5 mL of 
10 mol/L zinc sulfate, and 223.5 mL of distilled wa-
ter. We precisely adjusted the pH of the solution to 7.3 
by adding drops of 1 mol/L hydrogen chloride, then 
autoclaved the solution at 121°C for 15 minutes. After 
cooling the solution to room temperature, we added 25 
mL of 10% anhydrous D-(+)-glucose (Roth, Karlsruhe, 
https://www.carlroth.com) sterilized by filtration. 
The final concentrations in the Rapid CAZ/AVI NP 
solution were consequently 2.5% Mueller-Hinton CA 
powder, 0.005% phenol red indicator, 0.1 mol/L zinc 
sulfate, and 1% D-(+)-glucose. This Rapid CAZ/AVI 
NP solution can be kept at 4°C for 1 week but must be 
prewarmed at 37°C before use to prevent growth delay 
and therefore a delayed color change.

Bacterial Inoculum Preparation
For each isolate to be tested, including the positive and 
negative controls, we prepared a standardized bacte-
rial inoculum by using freshly obtained (overnight) 
bacterial colonies grown on UriSelect 4 agar plates 
(or Mueller-Hinton agar plates). We resuspended the 
bacterial colonies into 5 mL of sterile 0.85% saline so-
lution to obtain a 0.5 McFarland standard optical den-
sity. The bacterial suspensions should be used within 
15 minutes of preparation and for no longer than 1 
hour after preparation, as recommended by the EU-
CAST guidelines for susceptibility testing.

Tray Inoculation
Using a sterile 96-well polystyrene microplate (round 
base, with lid; Sarstedt, https://www.sarstedt.com), 
we inoculated a bacterial suspension for each isolate 
in parallel into 2 wells, with and without CAZ/AVI, 
in separate wells. We then performed the following 
steps of the Rapid CAZ/AVI NP test (Figure): step 
1, transferred 150 μL of CAZ/AVI–free Rapid CAZ/
AVI NP solution to wells A1–A4; step 2, transferred 
150 μL of the Rapid CAZ/AVI NP solution contain-
ing CAZ/AVI (final concentration of 128/53 µg/mL) 
to wells B1–B4; step 3, added 50 mL of 0.85% saline 
solution to wells A1 and B1; step 4, added 50 mL of 
the CAZ/AVI-resistant isolate suspension (used as a 
positive control) to wells A2 and B2; step 5, added 50 
mL of the CAZ/AVI–susceptible isolate suspension 
(used as a negative control) to wells A3 and B3; step 6, 
added 50 mL of the tested isolate suspension to wells 

A4 and B4. We also mixed the bacterial suspension 
with the reactive medium by pipetting up and down 
(optional). The final concentration of bacteria was 
≈108 CFU/mL in each well, and the final concentra-
tion of CAZ/AVI was 128/53 µg/mL.

Tray Incubation and Reading
We incubated the inoculated tray for up to 2 hours 45 
minutes at 35°C ± 2°C in ambient air without being 
sealed and without shaking. On the basis of our pre-
vious experience of development of several rapid 
diagnostic tests, we visually inspected the tray ev-
ery 30 minutes for 3 hours. All results were obtained 
within 2 hours 45 minutes. We considered the test re-
sult positive if the tested isolate grew in presence of 
CAZ/AVI (i.e., yellow color of the culture medium), 
indicating CAZ/AVI resistance, and as negative if the 
tested isolate did not grow in presence of CAZ/AVI 
(remained red), indicating no growth and therefore 
CAZ/AVI susceptibility.

We considered the test result interpretable un-
der 1 of 5 conditions: 1) both wells (A1 and B1) with 
0.85% saline solution without bacterial suspension 
remained unchanged (red, indicating the absence of 
medium contamination); 2) CAZ/AVI-free wells (A2–
A4) with bacterial suspension turned from red to yel-
low, confirming the metabolism of glucose and, thus, 
growth of the inoculated isolates; 3) the wells (A2 and 
B2) with the CAZ/AVI-resistant bacterial suspen-
sion (positive control) gave positive results (turned 
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Figure. Rapid CAZ/AVI NP testing. Bacterial growth is shown 
by color change of the medium from red to yellow. This test was 
performed with a ceftazidime/avibactam (CAZ/AVI)–resistant 
isolate (A2 and B2) and with a CAZ/AVI/susceptible isolate (A3 
and B3) in a reaction without (A) and with (B) CAZ/AVI at the 
defined concentration. The tested isolates (A4 and B4) that grew 
in the absence and presence of CAZ/AVI were considered positive 
(CAZ/AVI resistant). Noninoculated wells (A1 and B1) are shown 
as controls for possible medium contamination.
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from red to yellow), confirming the growth of this 
isolate; 4) the wells (A3 and B3) with the CAZ/AVI- 
susceptible bacterial suspension (negative control) 
gave negative results (remaining red), confirming the 
absence of growth of this isolate; and 5) the tested iso-
late that grew in the absence and the presence of CAZ/
AVI (yellow, wells A4 and B4) was therefore reported 
to be CAZ/AVI resistant, or the tested isolate that 
grew in the absence but not in the presence of CAZ/
AVI were therefore reported to be CAZ/AVI suscep-
tible. The test result was considered positive when the 
well containing CAZ/AVI (well B2) and the isolate to 
be tested turned from red to yellow, giving exactly the 
same color as the well without CAZ/AVI (well A2), 
indicating glucose metabolism and growth in pres-
ence of CAZ/AVI (i.e., CAZ/AVI resistance) (Figure). 
The test result was negative when the well contain-
ing CAZ/AVI (well B3) with the isolate to be tested 
remained red (unchanged color) (Figure), indicating 
bacterial growth inhibition in presence of CAZ/AVI 
(i.e., CAZ/AVI susceptibility) (Figure). Results were 
blindly interpreted by 2 laboratory technicians.

Results
We compared results obtained with the Rapid CAZ/
AVI NP test with those obtained with the MIC gradi-
ent strip test (Etest) taken as the reference method. In 
brief, we determined discrepancies for each method 
to evaluate the performance of the test to detect CAZ/
AVI resistance/susceptibility. We calculated positive 
percent agreement (PPA), negative percent agree-
ment (NPA), and overall percent agreement (OPA) by 
using standard formulas (31): PPA = [true positive/
(true positive + false negative)] × 100%; NPA = [true 
negative/(true negative + false positive)] × 100%; and 
OPA = [(true positive + true negative)/(true positive 
+ false positive + false negative + true negative)] × 
100%. For discrepant results, we calculated errors 
(very major errors [VMEs] and major errors [MEs]) as 
described (32). A major error was considered for any 
isolates that were found to be resistant by the Rapid 
CAZ/AVI NP test but categorized as susceptible by 
using the reference method (false resistance). A VME 
was considered when isolates were categorized as 
susceptible by using the Rapid CAZ/AVI NP test 
but categorized as resistant by the reference method 
(false susceptibility).

We used 101 nonduplicate well-characterized en-
terobacterial isolates to evaluate the performance of 
the Rapid CAZ/AVI NP test (Appendix Table), among 
which 35 isolates were CAZ/AVI-resistant isolates 
(MICs of CAZ/AVI ranging from 12 to >256 µg/mL) 
and 66 isolates were CAZ/AVI susceptible (MICs of 

CAZ/AVI ranging from 0.064 to 4 µg/mL). Among 
the 35 CAZ/AVI-resistant isolates, resistance was 
caused mainly by production of metallo-β-lactamases, 
including NDM enzymes (n = 16, NDM-1, -4, -5, -6, -7), 
VIM enzymes (n = 9, VIM-1, -2, -4, -19), and IMP-1 en-
zymes (n = 2). In addition, previously identified KPC-
3 variants (n = 5) conferring high-level resistance to 
CAZ/AVI among K. pneumoniae clinical isolates, such 
as KPC-41 and KPC-50, were included in this study 
(11,12). We also included K. pneumoniae and E. coli 
strains producing the extended-spectrum β-lactamase 
VEB-25. We have shown recently that this enzyme 
might confer resistance to CAZ/AVI (33).

The Rapid CAZ/AVI NP test correctly identified 
all 35 CAZ/AVI-resistant isolates (Appendix Table). 
Of the 66 CAZ/AVI-susceptible isolates, all but 1 
showed negative results, thus being correctly catego-
rized as susceptible; 1 isolate had an MIC for CAZ/
AVI of 8 mg/L (at the susceptible breakpoint of CAZ/
AVI), which gave a positive (false-positive) result with 
the Rapid CAZ/AVI NP test, corresponding to false 
resistance (Appendix Table). Overall, no VMEs (false 
susceptibility) and only 1 ME (false resistance) were 
observed. Therefore, we found excellent concordance 
between the results of the reference CAZ/AVI suscep-
tibility testing method and those of the Rapid CAZ/
AVI NP test for susceptible and resistant isolates. 
Under our conditions, the Rapid CAZ/AVI NP test 
showed a PPA of 100%, an NPA of 98.5%, and an OPA 
of 99%, in comparison with the MIC gradient strip test 
(Etest). The final results are best read at 2 hours 45 min-
utes after incubation at 35°C ± 2°C under an ambient 
atmosphere, with 1.5% MEs and 0% VMEs.

Discussion
Clinically, multidrug resistance is increasingly re-
ported in enterobacterial species (e.g., E. coli, K. 
pneumoniae, Enterobacter spp.) (34). Delayed detec-
tion of resistance results for efficient antimicrobial 
drug therapy, potentially leading to clinical treat-
ment failures or delays in isolation of corresponding 
carriers, eventually promotes outbreaks (35). Such 
undesired phenomena can be avoided by rapid and 
accurate antimicrobial susceptibility diagnostic tools 
to identify the possible antimicrobial drug resistance 
traits and consequently adapt the most effective 
treatment strategies (36).

Taking into account the increasing use of the CAZ/
AVI combination and consequently the increasing iso-
lation of CAZ/AVI-resistant gram-negative bacteria, 
we have developed the Rapid CAZ/AVI NP test, a fast 
culture-based test for detection of CAZ/AVI resistance 
among multidrug-resistant Enterobacterales, regardless  
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of their resistance mechanisms. All results were ob-
tained within 2 hours 45 minutes, a gain of time of 18 
hours (meaning 1 day earlier from a practical point of 
view) compared with regular testing of CAZ/AVI sus-
ceptibility by using the BMD method. The BMD method 
is commonly regarded as time-consuming, complex, la-
borious, and challenging for most routine laboratories. 
Other phenotypic techniques such as Etest strips are be-
ing used and showed a good correlation with the refer-
ence BMD method (37,38); however, use of those tests 
is much more expensive and requires the same amount 
of time, leading to a delay in taking timely clinical treat-
ment measures.

Our study showed that the Rapid CAZ/AVI NP 
test is reliable and combines excellent sensitivity and 
specificity. Moreover, compared with other phenotyp-
ic methods, bacterial growth in the Rapid CAZ/AVI 
NP solution might be easily interpretable, which can 
be visually seen by a color change from red to yellow 
(Figure). Although few discrepancies were observed 
(only 1 ME), the VMEs of the Rapid CAZ/AVI NP test 
were as low as 0%. No false-negative results and only 
1 false-positive result occurred (Appendix Table). The 
PPA of the test was 100% and the NPA 98.5% com-
pared with the MIC gradient strip test (Etest) taken as 
the reference standard method. The Rapid CAZ/AVI 
NP test requires a single method step without requir-
ing any specific equipment and is thus easy to imple-
ment in routine microbiology laboratories.

From a clinical point of view, most of the KPC-
producing CAZ/AVI-resistant isolates described so 
far with weak carbapenemase activity and low car-
bapenems MICs were undetectable by the phenotypic 
methods commonly used for detecting carbapenem-
resistant isolates (39). The failure to detect such CAZ/
AVI-resistant carbapenem-susceptible KPC variants 
could lead to strains harboring those KPC mutations 
escaping recognition by clinical microbiology labora-
tories, which might result in therapeutic failure and 
nosocomial hospital outbreaks (2,40). Thus, use of rap-
id culture-based tests that do not include carbapenems 
as selective agents, such as the rapid CAZ/AVI NP, 
could represent a valuable option for detecting those 
mutated KPC-producing isolates. This type of test of-
fers the possibility of a rapid susceptibility/resistance 
categorization, which is the information needed from 
clinical point of view for adequate CAZ/AVI-based 
treatment, particularly in countries that show endemic 
diffusion for KPC-producing K. pneumoniae strains, 
such as the United States, Greece, and Italy (2).

In conclusion, the Rapid CAZ/AVI NP test can  
be used to evaluate CAZ/AVI susceptibility from  
bacterial cultures. Additional work will evaluate its 

value directly from positive blood cultures. The test 
can also be used as a second-line screening test of 
CAZ/AVI resistance after use of selective media, such, 
as SuperCAZ/AVI medium, which is used to detect 
CAZ/AVI-resistant strains (14,39,41,42). Further de-
velopment of the test will include the potential identi-
fication of CAZ/AVI resistance in Pseudomonas aerugi-
nosa, which has different metabolic pathways.
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Hunting, preparing, and selling bushmeat 
has been associated with high risk for zoo-
notic pathogen spillover due to contact with 
infectious materials from animals. Despite 
associations with global epidemics of severe 
illnesses, such as Ebola and mpox, quantita-
tive assessments of bushmeat activities are 
lacking. However, such assessments could 
help prioritize pandemic prevention and pre-
paredness efforts.

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



Antiviral drugs can substantially reduce illness 
and deaths from human infections. For exam-

ple, antiretroviral therapy has prevented millions of 
HIV/AIDS deaths globally since the late 1980s (1). 
During the 2009 influenza A(H1N1) pandemic, osel-
tamivir was widely administered in the United States 
(28.4 prescriptions/1,000 persons) (2); rapid treat-
ment after symptom onset reduced the risk for hos-
pitalization by an estimated 63% (95% CI 17%–81%) 
(3). The reduction in viral load might reduce the risk 
for onward transmission while accelerating recov-
ery. A counterfactual analysis suggests that treating 
even 10% of infected patients with baloxavir shortly 

after symptom onset would have prevented millions 
of infections and thousands of deaths in the United 
States during the severe 2017–18 influenza season (4). 
A fast-acting SARS-CoV-2 antiviral could similarly 
be deployed to curtail transmission on a population 
scale and directly save lives (5).

Paxlovid (Pfizer, https://www.pfizer.com), which 
received Food and Drug Administration Emergency 
Use Authorization on December 22, 2021, for treating 
SARS-CoV-2 infections in persons >12 years of age, com-
bines 2 different antiviral agents, nirmatrelvir and rito-
navir. Treating symptomatic COVID-19 patients with 
Paxlovid reduces hospitalization risks by an estimated 
0.59 (95% CI 0.48–0.71) for adults 18–49 years of age, 0.40 
(95% CI 0.34–0.48) for adults 50–64 years of age, and 0.53 
(95% CI 0.48–0.58) for adults >64 years of age (6). Pax-
lovid has proven effective against the Omicron variant 
(7). In January 2022, the United States ordered 20 million 
courses of Paxlovid to be delivered within 9 months (8).

In this study, we analyzed the population-level 
benefits of expanding the clinical use of Paxlovid 
to treat COVID-19. By fitting a within-host model 
of viral replication to viral titer data from >2,000  
COVID-19 patients, we provide early estimates for the 
efficacy of Paxlovid in curtailing viral load, depend-
ing on the timing of treatment after infection. Then, 
using a population-level SARS-CoV-2 transmission 
model, we estimated the effects of Paxlovid-based in-
terventions on reducing the healthcare and economic 
burden of future COVID-19 epidemics. Specifically, 
we estimated the number of cases, hospitalizations, 
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We evaluated the population-level benefits of expanding 
treatment with the antiviral drug Paxlovid (nirmatrelvir/
ritonavir) in the United States for SARS-CoV-2 Omicron 
variant infections. Using a multiscale mathematical mod-
el, we found that treating 20% of symptomatic case-pa-
tients with Paxlovid over a period of 300 days beginning 
in January 2022 resulted in life and cost savings. In a 
low-transmission scenario (effective reproduction num-
ber of 1.2), this approach could avert 0.28 million (95% CI 
0.03–0.59 million) hospitalizations and save US $56.95 
billion (95% CI US $2.62–$122.63 billion). In a higher 
transmission scenario (effective reproduction number 
of 3), the benefits increase, potentially preventing 0.85 
million (95% CI 0.36–1.38 million) hospitalizations and 
saving US $170.17 billion (95% CI US $60.49–$286.14 
billion). Our findings suggest that timely and widespread 
use of Paxlovid could be an effective and economical ap-
proach to mitigate the effects of COVID-19.
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and deaths, as well as healthcare costs averted under 
a range of transmission scenarios, in which we vary 
both the between-individual transmission rate of the 
virus and the proportion of case-patients who receive 
rapid treatment with Paxlovid. This 2-level analytic 
framework can broadly support the rapid evalua-
tion of antiviral-based mitigation strategies against  
COVID-19 and other respiratory viruses (4).

Materials and Methods

Within-Host Model of SARS-CoV-2 Replication Dynamics
We simulated SARS-CoV-2 virus kinetics in an infect-
ed person and the effect of Paxlovid treatment on viral 
growth using a standard target-cell limited virus ki-
netic model that tracks the number of uninfected cells, 
infected cells, and free viral particles (9,10) (Appendix, 
https://wwwnc.cdc.gov/EID/article/30/2/23-0835-
App1.pdf). We used individual patient viral load data 
from a Paxlovid clinical trial data to estimate the 5 key 
parameters of the model: the infection rate of suscep-
tible cells (b), the rate at which infected cells die (δ), 
the rate at which active viruses were cleared (c), the vi-
rus production rate (p), and the efficacy of Paxlovid at 
suppressing viral replication (є). Specifically, we used 
a stochastic approximation expectation-maximization 
algorithm to fit the model to 14-day viral titer data 
from 1,126 infected adults treated with a placebo and 
1,120 infected adults treated with Paxlovid during a 
clinical trial in late 2021 (11) (Appendix).

Modeling the Infectiousness of Treated  
and Untreated Cases
On the basis of previous studies (12,13), we assumed 
that a person’s infectiousness is logarithmically relat-
ed to their viral titer (Appendix). In this transmission 
model, we assumed that the daily infectiousness of a 
case-patient depends on whether they received treat-
ment and, if so, the time at which treatment was initi-
ated after symptom onset. To estimate the daily infec-
tiousness of a given untreated or treated case-patient, 
we first used the within-host model to simulate the 
viral load on each day of the infection and set the viral 
load to zero when the estimated value dropped below 
the detection threshold of 100 (14). We then used a 
logarithmic equation (Appendix) to estimate the cor-
responding daily infectiousness.

Modeling Population-Level SARS-CoV-2 Transmission 
Dynamics and Effects of Antiviral Treatment
We developed a stochastic individual-based network 
model of SARS-CoV-2 transmission dynamics in which 
susceptible persons can be infected by infected contacts 

(Appendix Figure 1). The underlying contact network 
included 9,961 persons living in 5,000 households with 
sociodemographic characteristics provided in the 2017 
National Household Travel Survey (15,16) (Appendix).

At every time point, each person was in one of 
11 possible states: unvaccinated susceptible (SU), vac-
cinated susceptible (SV), exposed (E), presymptomatic 
(P), symptomatic infectious before becoming eligible 
for Paxlovid treatment (Y), symptomatic treated (YT), 
symptomatic untreated (YU), asymptomatic infectious 
(A), recovered (R), hospitalized (H), or deceased (D). 
We assumed that hospitalized patients were isolated 
and not able to infect others. Upon infection, a sus-
ceptible person progresses to the exposed state and 
then to either the presymptomatic state (probability 
ψ) or asymptomatic state (probability 1 − ψ). Asymp-
tomatic case-patients recover without experiencing 
symptoms or seeking treatment. Presymptomatic 
case-patients progress to the symptomatic state at a 
rate ω, where they might be hospitalized according to 
published age-specific infection hospitalization rates 
(ha) and eventually recover or die from the infection, 
according to age-specific infection fatality rates (µa). A 
fraction ρ of symptomatic case-patients receive Pax-
lovid, initiated an average of 3 days after symptom 
onset, which is assumed to reduce the risk for hospi-
talization (φa), as well as the infectiousness of the per-
son. The infectiousness of a case-patient depends on 
the timing of Paxlovid administration after infection, 
according to the daily infectiousness curves described 
in the previous section. Vaccinated persons initially 
have vaccine-derived immunity against infection ωB, 
symptomatic disease ψB, and death θB, which wanes 
gradually after vaccination. Similarly, recovered 
persons initially have infection-derived immunity 
against reinfection ωN, symptomatic disease ψN, and 
death θB, which wanes more slowly than vaccine-
derived immunity. Persons who are vaccinated and 
previously infected are assumed to have the higher 
of the 2 levels of immunity (i.e., infection-acquired vs. 
immune-acquired) (Table 1; Appendix Tables 1, 2). 

Antiviral Treatment and Transmission Scenarios
We analyzed 24 different scenarios, each with an ef-
fective reproduction number (Rt) (1.2, 1.5, 1.7, 2, 3, 
or 5) and Paxlovid treatment rate (20%, 50%, 80%, or 
100%). For each scenario (s), we compared 4 varia-
tions of the antiviral strategy: no treatment (i.e., treat-
ment rate set to zero); treatment with Paxlovid at the 
given treatment rate; treatment with a hypothetical 
antiviral that reduces infectiousness with the same ef-
ficacy as Paxlovid but does not reduce severity; and 
treatment with a hypothetical antiviral that reduces 
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severity with the same efficacy as Paxlovid but does 
not reduce infectiousness. The last 2 variations en-
abled us to separate the direct therapeutic benefits 
from the indirect transmission-blocking benefits of 
Paxlovid. To estimate the health and economic costs 
associated with each scenario, we ran 100 stochastic 
simulations of each of the 4 strategy variations and 
calculated the mean and 95% CI across simulations of 
the years of life lost (YLL) averted and monetary costs 
attributable to Paxlovid treatment.

Estimating YLL Averted and Monetary Costs
For each set of stochastic simulations, we esti-
mated YLL averted for each antiviral strategy τ by  

comparing it to the no treatment strategy (Appen-
dix). The willingness to pay per YLL averted is the 
maximum price a society is willing to pay to prevent 
the loss of 1 year of life. Health economists have in-
ferred from healthcare expenditure that the United 
States is willing to pay US $100,000 per quality- 
adjusted life-year (17), of which YLL is 1 com-
ponent. For a given willingness to pay for a YLL 
averted (θ), we calculated the net monetary benefit 
(NMB) of each strategy (Appendix).

Sensitivity Analyses and Model Validation
We assessed the robustness of the results with respect 
to the relationship between infectiousness and viral 
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Table 1. Between-host parameter estimates used in study of public health impact of Paxlovid in treatment of COVID-19, United States* 
Key parameter Estimated value 
Symptomatic proportion, % (ψ) 75 
Transition rate out of exposed state (d–1) (𝜎𝜎) 1/3 
Time lag between infection and recovery in days for asymptomatic patients (d–1) (A) 1/9 
Time lag between symptom onset and recovery in days for symptomatic patients (d–1) (γT) 1/4 
Transition rate from the presymptomatic to the symptomatic stage (d–1) (ω) 1/2 
Age-specific efficacy of Paxlovid in reducing the hospitalization rate, y (φa)  
 0–4 0.59 (95% CI 0.48–0.71) 
 5–17 0.59 (95% CI 0.48–0.71) 
 18–49 0.59 (95% CI 0.48–0.71) 
 50–64 0.40 (95% CI 0.34–0.48) 
 >65 0.53 (95% CI 0.48–0.58) 
Life expectancy, y, for age group a, adjusted assuming a 3% yearly discount rate (a)  
 0–4 30.3 
 5–17 29.3 
 18–49 25.8 
 50–64 1837 
 >65 12.9 
*We use the between-host model to project population-level impacts of Paxlovid treatment. Key parameter values used in the model are listed below, with 
more details in Appendix Table 1 (https://wwwnc.cdc.gov/EID/article/30/2/23-0835-App1.pdf). 

 

Figure 1. Estimated and observed viral load following treatment with placebo (A) or Paxlovid (B) in large-scale campaign treating 
COVID-19, United States. The left y-axes, black lines, and blue shading indicate the means and 95% CI of SARS-CoV-2 viral load (RNA 
log10 copies/mL) as estimated by the fitted within-host model. The right y-axes, black dots, and error bars indicate the means and 95% CI of 
the decrease in viral load since the initiation of treatment as reported in a clinical trial in which 1,126 patients received a placebo and 1,120 
patients received Paxlovid during July 16–December 9, 2021 (11). Day one corresponds to the initiation of treatment. Gray circles denote 
the assumed initial viral load upon infection (V0) corresponding to 1 infectious virus particle in the upper respiratory tract (18).
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load by investigating 3 alternative functions (i.e., sig-
moid, log-proportional, and step) (Appendix Tables 5, 
6). To validate our within-host viral replication mode, 
we compared model-estimated mean viral load tra-
jectories for untreated and treated case-patients to 
corresponding clinical trial data for patients receiving 
placebo or Paxlovid treatment (1). We found that the 
observed mean decreases in viral load fall within the 
estimated 95% CI and vice versa (Figure 1; Appendix 
Figure 3).

To validate our transmission dynamic model, we 
compared model projections to observed incidence 
data during the early 2022 and late 2022 Omicron 
waves in the United States (Appendix Figure 2). For 
each of these waves, we fitted the model to reported 
case data to estimate the initial Rt and then simulated 

the expected reported infections, assuming a 25% 
case-reporting rate (7).

Results
By fitting the within-host model to the mean viral 
load dynamics reported from a clinical trial (Table 2; 
Figure 1), we estimated that the rate at which viral 
particles infect susceptible cells (b) is 3.92 (95% CI 
2.82–5.38) × 10−6 mL/copies/day), the clearance rate 
for infected cells (δ) is 0.62 (95% CI 0.42–0.92) per day, 
the rate at which infected cells release virus (p) is 3.19 
(95% CI 2.35–4.35) copies/mL/day/cell, and the rate 
at which free virus particles are cleared (c) is 2.21 (95% 
CI 2.10–2.33) per day. Treatment with Paxlovid is esti-
mated to repress viral replication by 99.37% (95% CI 
99.17%–99.52%) per day.
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Table 2. Within-host parameter estimates used in study of public health impact of Paxlovid in treatment of COVID-19, United States* 
Parameter Mean (95% CI) 
Cell infection rate in 10−6 mL/copies/day (b) 3.92 (2.82–5.38) 
Infected cell death rate per day (𝛿𝛿) 0.62 (0.42–0.92) 
Virus production rate in copies/mL/day/cell (p) 3.19 (2.35–4.35) 
Virus death rate per day (c) 2.21 (2.10–2.33) 
Antiviral efficacy (𝜖𝜖) 0.9937 (0.9917–0.9952) 
*We fit the within-host model to the mean viral load dynamics reported from a clinical trial involving 2,246 infected adults treated with either Paxlovid or a 
placebo (11) using nonlinear mixed-effects model method (19). This method allows between-subject variability to improve the precision and accuracy of 
estimates (20). Values are means and 95% CI of parameter values in population, assuming that antiviral efficacy follows logit-normal distribution, and all 
other individual parameters follow log-normal distributions. 

 

 
Table 3. Projected health and economic impacts of a large-scale SARS-CoV-2 Paxlovid campaign, United States 
Outcome Rt Treatment rate, % Mean (95% CI) 
Infections averted, millions 1.2 20 10.54 (3.03–21.12) 

50 25.65 (12.59–41.19) 
1.7 20 4.25 (0.00–8.30) 

50 10.65 (5.77–16.70) 
3 20 0.67 (−0.13 to 1.45) 

50 1.68 (0.79–2.77) 
Hospitalizations averted, millions 1.2 20 0.28 (0.03–0.59) 

50 0.67 (0.33–1.25) 
1.7 20 0.48 (0.07–0.92) 

50 1.16 (0.49–1.85) 
3 20 0.85 (0.36–1.38) 

50 2.08 (1.12–2.83) 
Deaths averted, thousands 1.2 20 33.85 (1.69–71.15) 

50 79.11 (35.78–146.51) 
1.7 20 59.43 (9.13–129.86) 

50 145.44 (45.60–221.34) 
3 20 109.67 (35.95–179.83) 

50 266.69 (156.71–362.77) 
NMB, USD billions 1.2 20 $56.95 ($2.62–$122.63) 

50 $135.60 ($62.52–$261.32) 
1.7 20 $95.66 ($8.54–$196.23) 

50 $232.35 ($80.45–$379.51) 
3 20 $170.17 ($60.49–$286.14) 

50 $417.18 ($208.34–$580.13) 
Courses of treatment used, millions 1.2 20 5.77 (4.38–7.15) 

50 12.13 (8.86–14.89) 
1.7 20 13.57 (12.42–15.12) 

50 32.85 (30.87–34.76) 
3 20 24.41 (22.34–26.56) 

50 60.21 (57.07–63.16) 
*For each combination of treatment rate and reproduction number, the table provides the estimated mean and 95% CI of cases, hospitalizations, and 
deaths averted in the United States, NMB, and number of courses of treatment administered based on 100 pairs of stochastic simulations (treatment vs. 
no treatment simulations). NMB, net monetary benefit; Rt, effective reproduction number; USD, US dollars. 
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We estimated the number of cases, hospitaliza-
tions, and deaths, as well as healthcare costs, averted 
under a range of transmission scenarios, in which 
we varied both the between-individual transmission 
rate of the virus and the proportion of case-patients 
who received rapid treatment with Paxlovid (Table 
3; Figures 2, 3). Under a low-transmission scenario 
in which the Rt of the virus is 1.2, we estimated that 
treating 20% of symptomatic cases with Paxlovid 
would avert 10.54 million (95% CI 3.03–21.12 mil-
lion) cases, 280,000 (95% CI 30,000–590,000) hospital-
izations, and 33,850 (95% CI 1,690–71,150) deaths in 
the United States over a 300-day period (Appendix 
Table 4). Assuming a cost of US $530 per course of  

treatment (22) and willingness to pay per YLL avert-
ed of US $100,000, we estimated that the optimal 
strategy is always the highest achievable treatment 
rate. A 20% treatment rate would be expected to yield 
an NMB of US $56.95 billion (95% CI $2.62–$122.63  
billion) averted. 

To separate the direct (therapeutic) benefits of 
Paxlovid treatment from its indirect (transmission- 
reducing) effects, we conducted 2 additional analy-
ses, 1 assuming the drug reduces severity but not in-
fectivity and another assuming the opposite (Appen-
dix Table 4). Assuming an Rt of 1.2, we estimated that 
direct therapeutic effects of treating 20% of symptom-
atic cases with Paxlovid would not affect the overall  
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Figure 2. Projected symptomatic 
SARS-CoV-2 infections over 
300 days in the United States 
across a range of transmission 
and Paxlovid treatment 
scenarios. Estimated incidence 
of symptomatic SARS-CoV-2 
infections are shown assuming 
an effective reproduction number 
of 3.0 (A), 1.7 (B), or 1.2 (C). 
Colors correspond to 3 different 
treatment scenarios: 0% (blue), 
20% (green), or 50% (orange) of 
symptomatic cases received a 
5-day Paxlovid regimen initiated 
within 3 days of symptom onset.
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attack rate but would avert 140,000 (95% CI −130,000 
to 400,000) hospitalizations and 16,470 (95% CI 
−19,470 to 48,110) deaths over a 300-day period, re-
sulting in an NMB of US $25.35 (95% CI −$34.98 to 
$84.22) billion. The reduced infectivity of the treated 
cases would be expected to avert an additional 10.57 
(95% CI 3.03–21.19) million infections, 160,000 (95% 
CI −130,000 to 530,000) hospitalizations, and 19,460 
(95% CI −14,140 to 58,520) deaths, resulting in an 
NMB of US $31.17 (95% CI −$32.77 to $103.74) billion.

Discussion
Our results show that the widespread administra-
tion of Paxlovid would not only improve outcomes 
in treated patients but also concomitantly reduce 
risks of onward transmission. In this population-
level assessment of expanding rapid treatment of 
symptomatic COVID-19 infections with Paxlovid, 
we found that the direct (therapeutic) effects of 
treatment would substantially reduce both deaths 
and socioeconomic costs. Of note, the indirect  
(transmission-blocking) effects would be expected 
to reduce burden by just as much, as well as sub-
stantially reducing the overall attack rate (Appendix  
Table 4). We would expect mass treatment cam-
paigns to have even greater health and economic 
effects in countries that have adopted zero-COVID 
strategies and thus have lower levels of population-
level immunity than the United States (23).

Drugs like Paxlovid could profoundly reduce the 
severity of COVID-19 and enable a global transition  

to manageable coexistence with the virus. Howev-
er, providing equitable and effective global access 
to SARS-CoV-2 antiviral drugs would require both 
ample supplies and broad-reaching test-and-treat 
programs. The pharmaceutical industry and global 
health agencies are working to produce enough Pax-
lovid to treat a large fraction of symptomatic cases 
(8). Online healthcare services (e.g., telemedicine) 
and community test-to-treat programs (24), such as 
those piloted in Pennsylvania and New Jersey (25), 
could be expanded nationally, and even globally, to 
accelerate and broaden access to antiviral drugs (26). 
For example, in 2020, China began an initiative to ex-
pand remote internet-based COVID-19 care (27). The 
country established 1,500 internet hospitals (either by 
extending existing hospitals or by opening new insti-
tutions) during 2019–2021 (28). The new services in-
cluded follow-up consultations for common ailments 
(29) and served >239 million patients during Decem-
ber 2020–June 2021 (30). In addition, avoiding testing 
and treating infected individuals in person reduces 
the risk for SARS-CoV-2 transmission by patients to 
healthcare providers.

We highlight 3 limitations of our analyses that 
could be addressed as additional epidemiologic and 
clinical trial data become available. First, our fitted 
within-host model slightly overestimated viral lev-
els for patients treated with placebo and underes-
timated those for patients receiving Paxlovid. The 
discrepancies might stem from limitations in the 
model structure or from unmodeled variation in  
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Figure 3. Projected health and 
economic impacts of a large-
scale campaign using Paxlovid 
to treat COVID-19 over 300 days 
in the United States, across 
a range of transmission and 
treatment scenarios. Points 
and error bars correspond to 
means and 95% CI in number 
of infections in millions (A), 
number of deaths in millions (B), 
net monetary benefit in billions 
USD assuming a treatment 
course cost of US $530 and 
willingness to pay per year of 
life lost averted of US $100,000 
(C), and number of courses of 
Paxlovid administered in millions 
(D). Each graph provides results 
for 3 Rt and 5 different treatment 
scenarios: 0% (blue), 20% (red), 
50% (green), 80% (purple), or 
100% (orange) of symptomatic 
cases started a 5-day course 
of Paxlovid within 3 days of symptom onset. Distributions are based on 100 stochastic simulations for each scenario. The results are 
scaled assuming a US population of 328.2 million (21). Rt, effective reproduction number; USD, US dollars.
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viral kinetics and treatment efficacy across age or 
risk groups. In estimating model parameters, we 
considered only the mean in viral load of patients 
from 20 countries (4,31) (Figure 1). Incorporating 
such variability would enable us to analyze age-
prioritized or risk-prioritized interventions and im-
prove our estimates of the health and economic ben-
efits of mass treatment. Second, we did not consider 
the emergence and spread of Paxlovid-resistant vi-
ruses, which could substantially undermine the 
utility of new drugs and exacerbate epidemics on a 
population level (32). Conversely, suppressed viral 
replication attributable to Paxlovid might limit viral 
evolution in treated patients. Depending on the im-
munological conditions of the individual person and 
population, reducing opportunities for viral growth 
and mutations could hinder the emergence of new 
variants (33). Third, we did not incorporate several 
economic, social, and logistical factors that might af-
fect the expansion of Paxlovid treatment, including 
commercial impediments faced by the pharmaceuti-
cal companies that manufacture the drug (34); the 
costs of administering tests before treatment; and 
low levels of uptake stemming from misinforma-
tion, limited healthcare access, or pandemic fatigue. 
For example, in the 2009 H1N1 pandemic, only 40% 
of case-patients sought medical care within 3 days 
after symptom onset (35). 

In conclusion, fast-acting antiviral drugs like 
Paxlovid can serve as invaluable tools to mitigate 
COVID-19 epidemics. By increasing supplies and 
improving infrastructure to enable rapid and eq-
uitable distribution, such drugs could substan-
tially mitigate the health and societal burdens  
of COVID-19.
The computer code referenced in this study is available 
from Github (https://github.com/ZhanweiDU/Pax).

Financial support was provided by the AIR@InnoHK  
Programme from Innovation and Technology Commission 
of the Government of the Hong Kong Special Administrative 
Region, the US National Institutes of Health (grant no. R01 
AI151176), the Centers for Disease Control and Prevention 
COVID Supplement (grant no. U01IP001136), Health and 
Medical Research Fund, Food and Health Bureau,  
Government of the Hong Kong Special Administrative 
Region (grant no. 21200632) and National Natural Science 
Foundation of China (grant no. 82304204). The funders of 
the study had no role in study design, data collection, data 
analysis, data interpretation, or writing of the report.

Y.B., Z.D., B.J.C., A.P.G., R.M.K, and L.A.M. designed  
research; Y.B., and Z.D. performed research; L.W., 
E.H.Y.L., I.C.H.F., and P.H. contributed analytic method 

comments. Y.B., Z.D., L.W., E.H.Y.L., I.C.H.F., P.H., B.J.C., 
A.P.G., R.M.K, and L.A.M. wrote the paper.

B.J.C. consults for AstraZeneca, GSK, Moderna, Roche, 
Sanofi Pasteur, and Pfizer. 

About the Author
Dr. Bai is a postdoctoral fellow at the Laboratory of Data 
Discovery for Health Limited, Hong Kong Science and 
Technology Park, Hong Kong, China. Her research  
interests include optimizing infectious disease surveillance 
strategies, modeling disease transmission dynamics,  
and controlling interventions.

References
  1.	 Dadonaite B. Antiretroviral therapy has saved millions of 

lives from AIDS and could save more [cited 2021 Feb 22]. 
https://ourworldindata.org/art-lives-saved

  2.	 Suda KJ, Hunkler RJ, Matusiak LM, Schumock GT.  
Influenza antiviral expenditures and outpatient  
prescriptions in the United States, 2003–2012.  
Pharmacotherapy. 2015;35:991–7. https://doi.org/10.1002/
phar.1656

  3.	 Dobson J, Whitley RJ, Pocock S, Monto AS. Oseltamivir  
treatment for influenza in adults: a meta-analysis of  
randomised controlled trials. Lancet. 2015;385:1729–37. 
https://doi.org/10.1016/S0140-6736(14)62449-1

  4.	 Du Z, Nugent C, Galvani AP, Krug RM, Meyers LA.  
Modeling mitigation of influenza epidemics by baloxavir. 
Nat Commun. 2020;11:2750. https://doi.org/10.1038/
s41467-020-16585-y

  5.	 Wahl A, Gralinski LE, Johnson CE, Yao W, Kovarova M, 
Dinnon KH III, et al. SARS-CoV-2 infection is effectively 
treated and prevented by EIDD-2801. Nature. 2021;591:451–7. 
https://doi.org/10.1038/s41586-021-03312-w

  6.	 Shah MM, Joyce B, Plumb ID, Sahakian S, Feldstein LR,  
Barkley E, et al. Paxlovid associated with decreased  
hospitalization rate among adults with COVID-19—United 
States, April–September 2022. MMWR Morb Mortal Wkly 
Rep. 2022;71:1531–7. https://doi.org/10.15585/mmwr.
mm7148e2

  7.	 Pfizer. Pfizer shares in vitro efficacy of novel COVID-19  
oral treatment against Omicron variant [cited 2022  
Mar 21]. https://www.pfizer.com/news/press-release/
press-release-detail/pfizer-shares-vitro-efficacy-novel- 
covid-19-oral-treatment

  8.	 Pfizer. Pfizer to provide U.S. government with an additional 
10 million treatment courses of its oral therapy to help 
combat COVID-19 [cited 2022 Mar 25]. https://www.pfizer.
com/news/press-release/press-release-detail/pfizer- 
provide-us-government-additional-10-million

  9.	 Jenner AL, Aogo RA, Alfonso S, Crowe V, Deng X,  
Smith AP, et al. COVID-19 virtual patient cohort suggests 
immune mechanisms driving disease outcomes. PLoS Pat-
hog. 2021;17:e1009753. https://doi.org/10.1371/ 
journal.ppat.1009753

10.	 Kim KS, Ejima K, Iwanami S, Fujita Y, Ohashi H, Koizumi Y, 
et al. A quantitative model used to compare within-host 
SARS-CoV-2, MERS-CoV, and SARS-CoV dynamics provides 
insights into the pathogenesis and treatment of SARS-CoV-2. 
PLoS Biol. 2021;19:e3001128. https://doi.org/10.1371/ 
journal.pbio.3001128

268	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 2, February 2024



Paxlovid as Treatment for COVID-19, United States

11.	 Hammond J, Leister-Tebbe H, Gardner A, Abreu P, Bao W, 
Wisemandle W, et al.; EPIC-HR Investigators. Oral  
nirmatrelvir for high-risk, nonhospitalized adults with 
Covid-19. N Engl J Med. 2022;386:1397–408. https://doi.org/ 
10.1056/NEJMoa2118542

12.	 Handel A, Rohani P. Crossing the scale from within-host  
infection dynamics to between-host transmission fitness: a 
discussion of current assumptions and knowledge. Philos 
Trans R Soc Lond B Biol Sci. 2015;370:20140302. 

13.	 Néant N, Lingas G, Le Hingrat Q, Ghosn J, Engelmann I, 
Lepiller Q, et al.; French COVID Cohort Investigators and 
French Cohort Study groups. Modeling SARS-CoV-2 viral 
kinetics and association with mortality in hospitalized 
patients from the French COVID cohort. Proc Natl Acad 
Sci U S A. 2021;118:e2017962118. https://doi.org/10.1073/
pnas.2017962118

14.	 Wölfel R, Corman VM, Guggemos W, Seilmaier M,  
Zange S, Müller MA, et al. Virological assessment of  
hospitalized patients with COVID-2019. Nature. 
2020;581:465–9. https://doi.org/10.1038/s41586-020-2196-x

15.	 Du Z, Pandey A, Bai Y, Fitzpatrick MC, Chinazzi M,  
Pastore Y Piontti A, et al. Comparative cost-effectiveness of 
SARS-CoV-2 testing strategies in the USA: a modelling study. 
Lancet Public Health. 2021;6:e184–91. https://doi.org/ 
10.1016/S2468-2667(21)00002-5

16.	 U.S. Federal Highway Administration. 2017 national  
household travel survey [cited 2020 Jun 16].  
https://nhts.ornl.gov/downloads

17.	 Neumann PJ, Cohen JT, Weinstein MC. Updating  
cost-effectiveness—the curious resilience of the $50,000- 
per-QALY threshold. N Engl J Med. 2014;371:796–7.  
https://doi.org/10.1056/NEJMp1405158

18.	 Czuppon P, Débarre F, Gonçalves A, Tenaillon O,  
Perelson AS, Guedj J, et al. Success of prophylactic antiviral 
therapy for SARS-CoV-2: predicted critical efficacies and 
impact of different drug-specific mechanisms of action. PLOS 
Comput Biol. 2021;17:e1008752. https://doi.org/10.1371/
journal.pcbi.1008752

19.	 Traynard P, Ayral G, Twarogowska M, Chauvin J.  
Efficient pharmacokinetic modeling workflow with the 
MonolixSuite: a case study of remifentanil. CPT  
Pharmacometrics Syst Pharmacol. 2020;9:198–210.  
https://doi.org/10.1002/psp4.12500

20.	 Lavielle M, Mentré F. Estimation of population  
pharmacokinetic parameters of saquinavir in HIV patients 
with the MONOLIX software. J Pharmacokinet  
Pharmacodyn. 2007;34:229–49. https://doi.org/10.1007/
s10928-006-9043-z

21.	 US Census Bureau. National population by characteristics: 
2010–2019 [cited 2020 Oct 1]. https://www.census.gov/
data/tables/time-series/demo/popest/2010s-national-
detail.html

22.	 Robbins R, Zimmer C. FDA clears Pfizer’s Covid pill for 
high-risk patients 12 and older. 2021 Dec 22 [cited 2022 Apr 
29]. https://www.nytimes.com/2021/12/22/health/ 
pfizer-covid-pill-fda-paxlovid.html

23.	 TIME. China’s approval of Pfizer pill opens door to  
ending COVID Zero. 2022 Feb 14 [cited 2023 Jan 21].  
https://time.com/6147924/china-pfizer-covid-19-pill

24.	 COVID.gov. Find COVID-19 guidance for your community 
[cited 2022 Apr 29]. https://www.covid.gov

25.	 Joshi AU, Lewiss RE, Aini M, Babula B, Henwood PC. 
Solving community SARS-CoV-2 testing with telehealth: 
development and implementation for screening, evaluation 
and testing. JMIR Mhealth Uhealth. 2020;8:e20419.  
https://doi.org/10.2196/20419

26.	 Centers for Disease Control and Prevention. New  
COVID-19 test to treat initiative and locator tool [cited 
2022 Apr 6]. https://emergency.cdc.gov/newsletters/
coca/040422.htm

27.	 Huang F, Liu H. The impact of the COVID-19 pandemic 
and related policy responses on non-COVID-19 healthcare 
utilization in China. Health Econ. 2023;32:620–38.  
https://doi.org/10.1002/hec.4636

28.	 National Health Commission of the People’s Republic of 
China. China’s internet health services gathering steam  
amid COVID-19 [cited 2022 Dec 7]. http://en.nhc.gov.cn/ 
2021-08/24/c_85005.htm

29.	 He D, Gu Y, Shi Y, Wang M, Lou Z, Jin C. COVID-19 in 
China: the role and activities of Internet-based healthcare 
platforms. Glob Health Med. 2020;2:89–95. https://doi.org/ 
10.35772/ghm.2020.01017

30.	 China Internet Network Information Center. 48th  
statistical report on internet development in China 
[cited 2021 Nov 19]. https://www.cnnic.com.cn/IDR/ 
ReportDownloads/202111/P020211119394556095096.pdf

31.	 Vegvari C, Hadjichrysanthou C, Cauët E, Lawrence E,  
Cori A, de Wolf F, et al. How can viral dynamics models 
inform endpoint measures in clinical trials of therapies for 
acute viral infections? PLoS One. 2016;11:e0158237.  
https://doi.org/10.1371/journal.pone.0158237

32.	 Iketani S, Mohri H, Culbertson B, Hong SJ, Duan Y, Luck MI, 
et al. Multiple pathways for SARS-CoV-2 resistance to  
nirmatrelvir. Nature. 2023;613:558–64. https://doi.org/ 
10.1038/s41586-022-05514-2

33.	 Callaway E. How months-long COVID infections could  
seed dangerous new variants. Nature. 2022;606:452–5. 
https://doi.org/10.1038/d41586-022-01613-2

34.	 Herxheimer A. Relationships between the pharmaceutical 
industry and patients’ organisations. BMJ. 2003;326:1208–10. 
https://doi.org/10.1136/bmj.326.7400.1208

35.	 Biggerstaff M, Jhung MA, Reed C, Fry AM, Balluz L,  
Finelli L. Influenza-like illness, the time to seek healthcare, 
and influenza antiviral receipt during the 2010–2011  
influenza season—United States. J Infect Dis. 2014;210:535–
44. https://doi.org/10.1093/infdis/jiu224

Address for correspondence: Lauren Ancel Meyers, Department 
of Integrative Biology, University of Texas at Austin, 2415 
Speedway #C0930, Austin, TX 78712, USA; email:  
laurenmeyers@austin.utexas.edu

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 2, February 2024	 269



Invasive meningococcal disease (IMD) remains a 
public health concern worldwide. The causative 

organism, Neisseria meningitidis, is differentiated into 
12 distinct serogroups, of which A, B, C, W, X, and Y 
are most commonly associated with IMD (1). N. men-
ingitidis is present in the nasopharynx of nearly 10% 

of the population without causing disease, and IMD 
develops in only a small proportion of those persons. 
IMD is characterized by sudden onset of symptoms 
(including stiff neck, headache, photophobia, and a 
characteristic spotty red-purple rash) and rapid clini-
cal progression leading to septicemia or meningitis. 
IMD-associated mortality is ≈10%–15%; however, 
more than one third of all IMD patients experience 
notable long-term or permanent effects, such as skin 
necrosis, deafness, seizures, or other neurologic se-
quelae (2,3). Infants <1 year of age have the highest 
risk for IMD, followed by a smaller second peak in 
adolescents and young adults, reflecting the social 
behavior that increases the nasopharyngeal carriage  
of meningococcus.

The evolving and unpredictable epidemiology 
of IMD poses additional challenges to its preven-
tion. N. meningitidis serogroups causing IMD are 
known to change over time. After meningococcal 
C vaccine was introduced into the Australian Na-
tional Immunization Program in 2003, IMD notifi-
cation rates declined from 3.5/100,000 population 
in 2002 to 0.6/100,000 in 2013; N. meningitidis sero-
group B (MenB) was responsible for most cases. Af-
ter 2013, IMD notification rates increased, reaching 
1.5/100,000 population in 2017 (4). A similar trend 
was seen in the state of Western Australia (4). For 
many years, MenB was responsible for most IMD 
notifications in Australia; however, since 2013, the 
incidence of IMD caused by N. meningitidis sero-
group W (MenW) has increased (5). Globally, MenW 
IMD is often associated with atypical clinical fea-
tures, including gastrointestinal symptoms, septic 
arthritis, pneumonia, and epiglottitis (6), along with 
high rates of illness and death (7).
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The rising incidence of invasive meningococcal dis-
ease (IMD) caused by Neisseria meningitidis sero-
group W in Western Australia, Australia, presents 
challenges for prevention. We assessed the effects 
of a quadrivalent meningococcal vaccination program 
using 2012–2020 IMD notification data. Notification 
rates peaked at 1.8/100,000 population in 2017; rates 
among Aboriginal and Torres Strait Islander popula-
tions were 7 times higher than for other populations. 
Serogroup W disease exhibited atypical manifestations 
and increased severity. Of 216 cases, 20 IMD-related 
deaths occurred; most (19/20) were in unvaccinated 
persons. After the 2017–2018 targeted vaccination 
program, notification rates decreased from 1.6/100,000 
population in 2018 to 0.9/100,000 population in 2019 
and continued to decline in 2020. Vaccine effective-
ness (in the 1–4 years age group) using the screen-
ing method was 93.6% (95% CI 50.1%–99.2%) in 2018 
and 92.5% (95% CI 28.2%–99.2%) in 2019. Strategic 
planning and prompt implementation of targeted vac-
cination programs effectively reduce IMD.



 Meningococcal Vaccination during 2017–18 Epidemic

Effective vaccines against N. meningitidis se-
rogroups A, B, C, W, and Y are available (8). Some 
countries have included or are considering publicly 
funding the quadrivalent meningococcal vaccines 
(ACWY) as part of their national immunization pro-
gram (8). Those decisions are usually influenced by 
numerous factors, including cost-effectiveness, vac-
cine efficacy, and effects on public health. In Western 
Australia, since 2016, the state government has incre-
mentally funded and delivered MenACWY conjugate 
vaccines through targeted vaccination campaigns in 
relevant schools, community health centers and im-
munization clinics. During December 2016–December  
2017, the vaccines were offered free to all children 12 
months–4 years of age and to teenagers 15–19 years 
of age in affected and at-risk communities in regional 
areas (9). During October–December 2017, the funded 
vaccines were extended to persons of all ages in those 
areas. Beginning in January 2018, the vaccine became 
available to all children 12 months–4 years of age. 
During May 2017–March 2019, funding covered stu-
dents in grades 10–12 and adolescents 15–19 years of 
age who no longer attended school (Figures 1, 2). We 
reviewed the effects of the introduction of a targeted 
quadrivalent meningococcal (ACWY-TT) vaccination 
program in Western Australia following an outbreak 
of MenW in 2017–2018.

Methods
The Communicable Disease Control Directorate at 
the Western Australia Department of Health con-
ducts enhanced surveillance for IMD statewide. All 
pathology laboratories within the state routinely no-
tify the Directorate of any laboratory-confirmed or 
probable (suspected) diagnosis of IMD. A confirmed 
case is defined as one in which N. meningitidis is  

identified by standard microbiological methods 
from a normally sterile site (isolation of N. meningiti-
dis by culture or detection of N. meningitidis DNA by 
nucleic acid amplification testing). A probable case 
is illness in a person experiencing clinical manifesta-
tions consistent with IMD but not confirmed by stan-
dard microbiological methods. Case data collected 
routinely include medical history, gender, region of 
residence at the time of disease onset, vaccination 
status, risk factors, indigenous status, clinical mani-
festations, serogroup information, and outcome. The 
data are captured on the Western Australia Notifi-
able Infectious Diseases Database. For this study, we 
extracted deidentified data on all IMD notifications 
in Western Australia with a date of onset during 
2012–2020.

Cases were categorized into age groups of 0–4 
years, 5–9 years, 10–14 years, 15–19 years, 20–24 
years, 25–44 years, 45–64 years, and >65 years. Using 
annual population estimates (obtained from Rates 
Calculator, Epidemiology Branch, Western Austra-
lia Department of Health), we calculated age-specific 
and age-standardized notification rates by Aboriginal 
and Torres Strait Islander (hereafter referred to as Ab-
original) status. We analyzed clinical manifestations 
and outcomes by causative serogroup for laboratory- 
confirmed IMD cases. We calculated case-fatality 
rates (CFRs) according to year and serogroup.

We used a hierarchy of clinical manifestations 
to assign a single clinical syndrome category. We 
assigned N. meningitidis detected or isolated from a 
single normally sterile site to that site. N. meningitidis  
detected or isolated from 2 normally sterile sites 
was assigned the site of isolation other than blood. 
For example, if N. meningitidis was detected in blood 
and cerebrospinal fluid, then meningitis would be  
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Figure 1. Invasive 
meningococcal disease 
notification rates (solid line) 
and cumulative meningococcal 
ACWY vaccine coverage 
rates (dotted line) among 
children 12 months–4 years 
of age, Western Australia, 
2012–2020. First shaded 
box indicates the period of 
December 2016–March 2017, 
during which the local Western 
Australia government funded 
the meningococcal ACWY 
conjugate vaccine for children 
12 months–4 years of age 
and adolescents 15–19 years 
of age in selected affected and at-risk regional areas. Second shaded box indicates period of October–December 2017, during which 
vaccine was funded for people of all ages in selected affected and at-risk regional areas. Beginning in January 2018, the vaccine was 
funded and available to all children 12 months–4 years of age. 
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assigned. N. meningitidis was not isolated from >3 
sites in any of the cases in this study.

We collected patient or parental recall regarding 
previous receipt of meningococcal vaccinations for 
all IMD notifications. Where available, we validated 
data on vaccine uptake using the Australian Immu-
nization Register (10). We reported vaccination status 
of persons with IMD as fully vaccinated (received all 
recommended doses of the meningococcal vaccine ac-
cording to the state or regionally funded vaccination 
program), not vaccinated (vaccine available, but not 
received), unknown (vaccination status not known or 
documented) or nonapplicable (vaccine not publicly 
available or funded for the relevant groups). IMD no-
tification rates were assessed against data on MenAC-
WY vaccination coverage; we compared rates before 
and after the introduction of the target meningococcal 
vaccination program in Western Australia.

Using the screening method (11), we estimated 
the effectiveness of meningococcal vaccine against 
notified IMD for the vaccine-eligible age-groups 
(i.e., 1–4 years, 5–14 years and 15–19 years) using the  
following formula:

where PCV is the proportion of IMD case-patients 
who were vaccinated and PPV is the proportion of 
population vaccinated.

Results
During January 2012–December 2020, a total of 216 
cases of IMD were reported; 113 (52%) patients were 
male and 103 (48%) female. Of the 216 cases, 213 
(98.6%) were laboratory-confirmed cases, and the re-
mainder (n = 3) were diagnosed on the basis of a high 

index of clinical suspicion. Sixty-one percent of cases 
(131/216) occurred in residents of the Perth Metro-
politan area, home to ≈80% of the Western Australia 
population (12). The age-standardized IMD notifica-
tion rate rose from a baseline of 0.8/100,000 popu-
lation (n = 19) in 2012 to a peak of 1.8/100,000 (n = 
46) in 2017, then declined to 0.9/100,000 in 2019, an 
incidence rate ratio of 0.53 (CI 0.31–0.88; p = 0.011). 
In 2020, the IMD notification rate declined further to 
0.4/100,000 population (Figure 3).

MenB accounted for 79% (n = 15/19) of all IMD 
cases in 2012, in contrast to 2 cases of MenC, 1 case 
of MenY, and 0 cases of MenW in the same year (the 
remaining case was nongroupable). The proportion 
of IMD notifications caused by MenB waned over the 
years, but the number of IMD cases caused by MenW 
gradually increased (Figure 3); MenW overtook 
MenB as the dominant serogroup in 2016, accounting 
for 61% (n = 14/23) of all IMD notifications in West-
ern Australia.

As expected, the highest IMD notification rates 
overall during 2012–2020 were among children 0–4 
years of age (4.4/100,000 notifications) (Figure 4), fol-
lowed by a second, smaller peak in adolescents 15–19 
years and young adults 20–24 years (1.5/100,000 no-
tifications). Notification rates were lower in other age 
groups, rising slightly for those >60 years of age. In 
total, 63/216 cases (29.2%) of IMD occurred among 
the Aboriginal population. The overall (2012–2020) 
age-standardized notification rate for IMD among 
the Aboriginal population (4.9/100,000 popula-
tion) was 7 times higher than in the non-Aboriginal 
population (0.7/100,000 population). This difference 
was largely because of an IMD outbreak among the  
Aboriginal population in 2017–2019, beginning in 
Central Australia and spreading to neighboring states; 
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Figure 2. Invasive 
meningococcal disease 
notification rates (solid line) 
and cumulative meningococcal 
ACWY vaccine coverage 
rates (dotted line) among 
adolescents 15–19 years 
of age, Western Australia, 
2012–2020. First shaded 
box indicates the period of 
December 2016–March 2017, 
during which the local Western 
Australia government funded 
the meningococcal ACWY 
conjugate vaccine for children 
12 months–4 years and 
adolescents 15–19 years in 
selected affected and at-risk regional areas. Second shaded box indicates period of May 2017–March 2019, during which vaccine was 
funded for students in grades 10–12 and adolescents 15–19 years of age no longer enrolled in school. 
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65% (n = 41/63) of IMD cases in the Aboriginal popu-
lation occurred during this period, and most (63%; n 
= 26) occurred in children <5 years of age. Overall, 
76.2% (n = 48) of all IMD notifications among Ab-
original persons occurred in the 0–9 years age group, 
and most of those were in the 0–4 years age group 
(n = 40) (Figure 5).

The overall clinical manifestations ranged from 
typical septicemia (47.4%; n = 100/211) and menin-
gitis (34.1%; n = 72/211) to more atypical symptoms, 
such as septic arthritis (6%), pneumonia (5%), epiglot-
titis/pharyngitis (2%), pericarditis (0.5%), and chorio-
amnionitis (0.5%) (Figure 6). Our study showed that 
27% (24/88) of MenW case-patients and 50% (12/24) 
of MenY case-patients displayed atypical symptoms. 
The overall CFR was 9.3% (n = 20); MenW was iden-
tified in most IMD-related deaths (60%; n = 12/20), 

followed by MenB (35%; n = 7). With the exception of 
1 case-patient whose meningococcal vaccination sta-
tus was unknown, the rest of the IMD-related deaths 
(19/20) were in persons who were not vaccinated.

Overall, rates of meningococcal ACWY vaccine 
uptake were high in the targeted groups (the vaccine 
publicly funded for persons 12 months–4 years, 15–
19 years, and for all ages in select affected or at-risk 
regional areas). Since the introduction of the quad-
rivalent meningococcal ACWY (Nimenrix) vaccina-
tion program in December 2016, uptake rates among 
children 1–4 years increased rapidly, reaching 90% 
of all children in this age group by 2020 (Figure 1). 
A similar trend was noted in the 15–19-year age 
group, in which rates reached 80% by 2020 (Figure 
2). The incidence of IMD declined from 1.6/100,000 
population in 2018 to 0.9/100,000 population in 2019  
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Figure 3. Invasive 
meningococcal disease 
notifications (N = 216) and age-
standardized notification rates 
(per 100,000 population), by 
year and serogroup, Western 
Australia, 2012–2020.

Figure 4. Invasive 
meningococcal disease 
notification rates (per 100,000 
population), by age group, 
Western Australia, 2012–2020.
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(corresponding to 30 cases in 2018 and 9 cases in 
2019) after the introduction of the targeted vac-
cination program. In 2020, no notifications of IMD 
caused by serogroups A, C, W and Y in the age co-
horts targeted for vaccination were recorded.

In the highest-risk age group (12 months–4 years), 
the vaccine effectiveness calculated using the screen-
ing method was 93.6% (95% CI 50.1%–99.2%) for 2018 
and 92.5% (95% CI 28.2%–99.2%) for 2019. Power was 
inadequate to generate a meaningful interpretable 
value for the 5–14- and 15–19-year age groups for 
whom the vaccine was available.

Discussion
IMD incidence data show a change in the epidemiol-
ogy of IMD in Western Australia from 2012 to 2020. 
The dominance of MenB as the primary cause of IMD 
was succeeded by a rise in the number of notifications 

of IMD caused by MenW and, to a lesser extent, MenY. 
The rise in MenW notifications in Western Australia 
and Australia as a whole is not an isolated occurrence. 
Over the past 2 decades, increases in the incidence of 
IMD caused by MenW have been reported in other set-
tings (3,13–20).

In Western Australia, the rise in IMD notifica-
tions eventually led to an IMD outbreak in 2017 and 
2018, disproportionately affecting Aboriginal popu-
lations. Elevated rates of IMD have been described 
previously among Aboriginal Australian populations 
(21–23) and in other specific populations outside 
Australia, such as African American persons (24) and 
Pacific Islanders (25). Up to 1 in 5 Aboriginal Austra-
lians live in remote or very remote areas (26). A simi-
lar proportion of Aboriginal Australians live in over-
crowded households and are more likely to live in 
suboptimal conditions, such as having limited access 
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Figure 5. Invasive 
meningococcal disease 
notification rates (per 100,000 
population) by population group 
in Western Australia (Aboriginal 
vs. non-Aboriginal), 2012–2020, 
by year (A) and age group (B). 
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to essential services and sanitation (27). The higher 
incidence rates of IMD disease in Aboriginal popula-
tions in Australia have been attributed to specific risk 
factors, whereas higher mortality rates are thought to 
be linked to limited timely access to healthcare ser-
vices. Younger Aboriginal children experience higher 
rates of IMD than the general population, potentially 
because of a combination of risk factors, such as the 
immaturity of their immune system, frequent viral 
upper respiratory tract infections, exposure to pas-
sive smoking, household crowding (28), and lower 
vaccination rates (29).

Atypical clinical manifestations and higher CFR 
in our cohort were seen more frequently with IMD 
caused by MenW and MenY than for other sero-
groups, consistent with findings from other countries 
where severe cases were caused by a hypervirulent 
strain belonging to the sequence type 11 clonal com-
plex (cc11) (20,30). The 2017 Australian Meningococ-
cal Surveillance Programme reported that, among the 
MenW strains that were able to be genotyped, 59% 
(74/125) were sequence type 11, the same strain cir-
culating in the United Kingdom and South America 
since 2009 (31). Advances in sequencing technology 
have enabled further characterization of this clon-
al complex into distinct lineages and sublineages,  
revealing an evolution of genetically (and geo- 
temporally) diverse global cc11 populations that ex-
hibit different epidemiologic properties (32).

Although the hypervirulent MenW cc11 strains 
have been shown to diverge from a MenC cc11 ances-
tral strain by capsular switching (33,34), some appear 

unrelated to the contemporary MenC cc11 strains 
(35). Furthermore, certain variants, particularly the 
cc11/non–ET-15 variants, lack the virulence factors 
present in cc11/ET-15 strains associated with more 
aggressive infections in the cc11/ET-15 strains (36). 
In our cohort, IMD caused by MenW was also associ-
ated with a high mortality rate, consistent with a sys-
tematic review and metaanalysis of CFR of IMD (37).

The clinical manifestations of IMD caused by 
MenY are less well characterized, but a retrospective 
observational study performed on a large cohort in 
Sweden reported atypical symptoms, such as pneu-
monia (19%) and septic arthritis (10%), particularly in 
older patients (38). The implications of the rise of IMD 
caused by MenW and MenY ultimately manifesting 
with more atypical symptoms might lead to delayed 
diagnosis or misdiagnosis even by experienced cli-
nicians and to use of antibiotics that are ineffective 
against N. meningitidis, leading to rapid progression 
of disease and death.

Vaccination remains the most effective strategy 
for preventing IMD and its complications. The 2017–
18 outbreak of MenW, and to a lesser extent MenY, 
in Western Australia led to the rapid implementation 
of a targeted vaccination program with the quadriva-
lent meningococcal ACWY vaccine (Nimenrix) in De-
cember 2016, starting with high-risk groups in com-
munities located in geographic areas with increased  
IMD incidence.

Success stories abound of meningococcal vaccine 
programs responding to IMD outbreaks across the 
globe. In 2004, the introduction of mass vaccinations 
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Figure 6. Clinical manifestations 
of invasive meningococcal 
disease by serogroup, 
Western Australia, 2012–
2020. Categories of clinical 
manifestation include only 
meningococcal isolates that 
were typable.
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with the outer membrane vesicle vaccine against the 
serogroup B epidemic strain in New Zealand (MeN-
ZB) reduced the risk for infection by 4-fold, and 
by 2009 the incidence rate of IMD had declined to 
3.3/100,00 population, compared with 17.4/100,000 
population at its peak (39). Similarly, the use of the 
recombinant meningococcal serogroup B vaccine in 
the United States (4CMenB) in response to a univer-
sity campus outbreak saw no further cases linked 
to the university after the initiation of the vaccine 
program (40). More impressive was the prophylactic 
use of the MenA conjugate vaccine in Burkina Faso, 
Mali, and Niger (MenAfriVac). A 10-day vaccination 
campaign in Burkina Faso saw ≈11 million residents 
get vaccinated (41), 3 million residents were vacci-
nated in Niger in 10 days (42), and a 14-day cam-
paign in Mali saw 4.5 million residents get vaccinat-
ed. The success of that vaccination campaign cannot 
be understated; 5 years after the mass vaccination 
campaign, Burkina Faso had gone from a hyperen-
demic state to only recording sporadic cases of IMD 
caused by MenA (43). In a separate targeted vaccina-
tion program, the introduction of a 2-dose 4CMenB 
infant schedule as part of a publicly funded UK im-
munization program resulted in a 50% reduction 
in the incidence of MenB cases among the vaccine- 
eligible cohort within 10 months (44).

Our data show that IMD is uncommon among 
those who are fully vaccinated, and fatal cases occur 
primarily in those who are not vaccinated. The rapid 
implementation of a targeted vaccination program in 
2017–2018 in young children most at risk (those 1–4 
years of age), as well as in adolescents and young 
adults (15–24 years) who have the highest carriage 
rates, led to a dramatic reduction in the number of 
notifications for Western Australia in 2019 that con-
tinued into 2020. The rapid and high vaccination 
uptake rate reflects effective public health communi-
cation and strong awareness of the outbreak among 
the Aboriginal population in remote or socially disad-
vantaged areas, which traditionally have lower vac-
cination uptake than the general population (45). The 
absence of cases in the vaccinated cohort supports the 
notion that vaccination is effective in preventing dis-
ease and death.

Lockdowns related to COVID-19 in 2020 were 
thought to affect the reduction in the number of IMD 
notifications in that year. A study from France showed 
that the overall number of IMD notifications, par-
ticularly of hyperinvasive strains, reduced during the 
lockdown period during January 2020–May 2020, but 
the proportion of cases associated with respiratory 
symptoms (MenY) increased during that period (46). 

Analysis of surveillance data submitted from labora-
tories in 26 countries and territories across 6 continents 
demonstrated a substantial reduction of invasive dis-
eases caused by respiratory pathogens, including N. 
meningitidis, during the same lockdown period, likely 
because of strict containment policies (47). As part of 
the national response to the COVID-19 pandemic in 
Western Australia, international borders were closed 
to nonresidents on March 20, 2020, and subsequent re-
strictions were placed on interstate travel on April 6, 
2020. A statewide stay-at-home restriction, including 
an extended school holiday, was imposed from March 
27 through April 27, 2020; schools resumed at near 
capacity after that. Those restrictions could arguably 
have affected opportunities for exposure to N. menin-
gitidis. Of note, however, a substantive reduction in 
the number of IMD notifications was already evident 
in 2019, and the effect persisted throughout 2020. The 
statewide restrictions on interstate travel and Western 
Australia school closures were thought to be too brief 
to have any long-term effect on transmission of N. men-
ingitidis, and, in our opinion, increases in handwashing 
and surface cleaning and physical distancing measures 
would not likely fully explain the absence of IMD cases 
caused by serogroups A, C, W, and Y among persons 
0–4 years of age and adolescents in 2020.

In conclusion, the epidemiology of IMD is con-
stantly changing. Both direct and herd protection 
are essential because of the atypical manifestation 
and high mortality associated with some serogroups, 
which leads to delayed diagnosis and potentially in-
creased case fatality. The vaccine effectiveness was 
high in the most at-risk group using the screening 
method. Rapidly implementing meningococcal vacci-
nation programs with high coverage in at-risk popu-
lations is effective in reducing the incidence of IMD 
in an outbreak setting. Vaccination against meningo-
coccal disease, particularly MenW and MenY, should 
continue to be encouraged.
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Ring vaccination (expanding ring, surveillance and 
containment) is a public health measure designed to 

prevent spread of disease from infected persons to oth-
ers. This approach targets persons who have had close 
contact with confirmed or suspected cases and are at a 
higher risk of infection by vaccinating them first.

This strategy has shown remarkable success in com-
bating smallpox caused by respiratory droplet/direct con-
tact–based transmission and shortened incubation for the 
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leagues introduced this concept as surveillance and con-
tainment in the smallpox eradication campaign in Nigeria. 
The strategy proved successful for smallpox because of the 
disease’s relatively slow spread, mostly through face-to-
face contact. The term ring vaccination is now universally 
used for this process.
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Wild populations of aquatic turtles are imperiled 
because of anthropogenic activities (e.g., con-

sumption, collection, fisheries bycatch) (1); more than 
half (186/357) of the recognized species of aquatic 
turtles in the world are designated as critically endan-
gered, endangered, or vulnerable (2). In addition to an-
thropogenic threats, infectious agents also negatively 

affect free-ranging turtles. For example, chelonid her-
pesvirus 5 (Scutavirus chelonidalpha5: Alphaherpesviri-
nae) is associated with transmissible fibropapillomato-
sis in sea turtles around the world (3), and epizootic 
outbreaks of meningoencephalitis in Florida freshwa-
ter turtles have been attributed to the recently discov-
ered turtle fraservirus 1 (Fraservirus testudinis: Tosoviri-
dae) (4). However, learning about infectious agents in 
such turtles is complicated by their aquatic nature and 
cryptic lifestyles, which prevents full appreciation of 
the threat posed by viruses to free-ranging turtles.

Recently, numerous viruses in captive and free-
ranging nondomesticated animals have been identi-
fied. Among the newly discovered viruses, chuvirids 
(class Monjiviricetes, order Jingchuvirales, family 
Chuviridae) (5) ​are of particular interest. First, they 
have a broad host range (e.g., phototrophs, a wide ar-
ray of invertebrates, and vertebrates [fish and snakes]) 
(5–10). Second, the genomic structure of viruses in 
that family is unusual (11,12). Although other jing-
chuvirals have nonsegmented linear genomes, chu-
virids have been reported to have circular segment-
ed, circular nonsegmented, linear segmented, and 
linear nonsegmented genomes (7,12). Phylogenetic 
analysis of the large (L) protein suggests that jing-
chuvirals have a unique history among viruses in the 
class Monjiviricetes (6,12). Although recent discover-
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Viruses from a new species of piscichuvirus were 
strongly associated with severe lymphocytic meningo-
encephalomyelitis in several free-ranging aquatic turtles 
from 3 coastal US states during 2009–2021. Sequenc-
ing identified 2 variants (freshwater turtle neural virus 1 
[FTuNV1] and sea turtle neural virus 1 [STuNV1]) of the 
new piscichuvirus species in 3 turtles of 3 species. In 
situ hybridization localized viral mRNA to the inflamed 
region of the central nervous system in all 3 sequenced 
isolates and in 2 of 3 additional nonsequenced isolates. 
All 3 sequenced isolates phylogenetically clustered with 
other vertebrate chuvirids within the genus Piscichuvi-
rus. FTuNV1 and STuNV1 shared ≈92% pairwise amino 
acid identity of the large protein, which narrowly places 
them within the same novel species. The in situ associa-
tion of the piscichuviruses in 5 of 6 turtles (representing 
3 genera) with lymphocytic meningoencephalomyelitis 
suggests that piscichuviruses are a likely cause of lym-
phocytic meningoencephalomyelitis in freshwater and 
marine turtles.



Piscichuvirus in Aquatic Turtles

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 2, February 2024	 281

ies of chuvirids and their varying genomic structures 
draw interest from a virologic standpoint, the patho-
genicity of chuvirids and jingchuvirals has not been 
confirmed (12). To our knowledge, only 1 published 
study has demonstrated any jingchuviral from an ill 
animal: a piscichuvirus (Herr Frank virus 1 [HFrV1]; 
Chuviridae: Piscichuvirus franki) in clinically ill snakes 
(3 of 4 boa constrictors [Boa constrictor constrictor] with 
boid inclusion body disease; all 4 boas were positive 
for reptarenaviruses) (13). However, because no pi-
scichuviral in situ studies were performed with those 
snakes and meningoencephalitis was not reported, 
clinical significance of chuvirids remains unresolved. 

To identify the potential cause of lymphocytic 
meningoencephalomyelitis in several aquatic turtles, 
we randomly sequenced central nervous system 
(CNS) tissues from 3 affected turtles and performed 
in situ hybridization (ISH) on CNS tissues of 6 turtles. 
We obtained complete genomes for 3 isolates, provid-
ing phylogenetic classification and in silico identifica-
tion of conserved secondary structures at the genome 
termini and a hypothetical fourth open reading frame 
(ORF). The relative dissimilarity between the fresh-
water and sea turtle piscichuviruses raises questions 
regarding jingchuviral speciation criteria. 

Materials and Methods

Samples and Pathologic Examination
We examined isolates from 6 aquatic turtles with id-
iopathic CNS inflammation (meningoencephalitis to 
meningoencephalomyelitis): 1 freshwater (alligator 
snapping turtle, morphologically consistent with ei-
ther Macrochelys temminckii or M. apalachicolae) and 5 
marine (1 Kemp’s ridley [Lepidochelys kempii] and 4 log-
gerhead [Caretta caretta]), by using sequencing (turtles 
1–3), ISH (turtles 1–6), or both (Table 1; Figure 1). We 
used 6 additional retrospective cases as controls: 2  

loggerhead turtles with spirorchiid-induced mononu-
clear meningoencephalitis, 1 Kemp’s ridley turtle with 
bacterial encephalitis, and 3 turtles lacking meningo-
encephalomyelitis (1 of each species).

All turtles died spontaneously or were eutha-
nized via pentobarbital overdose if their illness was 
advanced. Gross necropsy included systematic evalu-
ation of all organ systems. We determined sexual 
maturity by evaluating the reproductive system. We 
aseptically collected fresh tissue samples, including 
from the brain and spinal cord (turtles 1–3), and stored 
them at –80°C. We preserved samples in neutral- 
buffered 10% formalin fixative for 24–48 hours before 
processing for histopathologic analysis.

Random Sequencing
We homogenized a section of cerebrum from the al-
ligator snapping turtle (turtle 1) and a section of the 
brainstem from the loggerhead turtle (turtle 3) in 450 
µL 1× phosphate-buffered saline by using a QIAGEN 
TissueLyser LT (https://www.qiagen.com) at 35 Hz 
for 2 minutes with a 5-mm sterile stainless-steel bead 
(QIAGEN). Homogenized samples underwent viral 
enrichment (14,15). We extracted RNA by using Trizol 
LS Reagent (Thermo Fisher Scientific, https://www.
thermofisher.com) and prepared the cDNA library 
as previously described (16,17)​, using manufacturer-
suggested kits for ligation-based sequencing of ampli-
cons (SQK-LSK110 with EXP-PBC096) and sequencing 
on a FLO-MIN106 R9.4.1 flow cell in a MinION Mk1B 
sequencing device (Oxford Nanopore Technologies, 
https://nanoporetech.com). The postsequencing anal-
ysis workflow followed the randomly primed, Min-
ION-based sequencing as previously described (16,17). 
We first accomplished screening for potential patho-
gens by pairwise alignment of reads (BLAST, https://
blast.ncbi.nlm.nih.gov/Blast.cgi]) to the National Cen-
ter for Biotechnology Information (NCBI, https://

 
Table 1. Biographical information and results summary of 5 turtles positive for FTuNV1 or STuNV1, United States, 2009–2021* 

Animal no., common name 
(taxonomic name) Sex 

SCL, 
cm 

Life 
stage† 

Stranding location‡ 

Clinical signs 
Sequenci

ng 
ISH (FTuNV1/ 

STuNV1) 
Latitude, 

°N 
Longitude, 

°W 
1, Alligator snapping turtle 
(Macrochelys sp.) 

M 56.5 M 29.524879 82.300594 Weak and lethargic FTuNV1 (+/−) 

2, Kemp’s ridley turtle  
(Lepidochelys kempii) 

F 60.3 I 27.67338 97.16880 Persistent circling and 
asymmetric buoyancy 

STuNV1 (–/+) 

3, Loggerhead turtle  
(Caretta caretta) 

M 94.0 M 30.230591 87.910237 Unresponsive STuNV1 (ND/+) 

4, Loggerhead turtle  
(C. caretta) 

F 81.8 M 28.04815 80.57892 Weak ND (ND/+) 

5, Loggerhead turtle  
(C. caretta) 

F 83.7 I 28.20726 80.65725 Head tremor and 
cervical ventroflexion 

ND (ND/+) 

*FTuNV1, freshwater turtle neural virus 1; I, immature; ISH, in situ hybiridization; M, mature; ND, not done; SCL, straight carapace length; STuNV1, sea 
turtle neural virus 1. 
†Life stage estimation was based on the maturation of the reproductive system. 
‡Latitude and longitude values correspond to the stranding locations as shown in Figure.1. 
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www.ncbi.nlm.nih.gov) nonredundant nucleotide  
database (updated June 4, 2022) through the Georgia  
Advanced Computing Research Center (https://
gacrc.uga.edu) by using default settings. After iden-
tifying piscichuvirus-like reads, we used a long-read 
aligner (Centrifuge version 1.0.4) (18)​ with a custom 
index to filter out host reads by using the green sea 
turtle genome (GCF_015237465.1_rCheMyd.pri.v2, ac-
cessed July 2021) ​combined with a publicly available 
Centrifuge index for bacteria and archaea (https://
ccb.jhu.edu/software/centrifuge/manual.shtml). We 
mapped the remaining reads >50 nt to the closest pi-
scichuviral genome to iteratively assemble the turtle 
virus genomes in Geneious Prime 2019.1.3 (https://
www.geneious.com). We confirmed assembly with de 
novo assembly by using Flye (19).

We extracted RNA from turtle 2 by using an 
RNeasy Mini kit (QIAGEN) and generated a cDNA 
library by using a NEBNext Ultra RNA Library Prep 
Kit (Illumina, https://www.illumina.com), which we 
sequenced on the iSeq 100 Sequencing System (Illu-
mina). We processed raw data to remove host reads 
by first running Kraken version 2 (20)​ against a custom 
database created by using the green sea turtle genome 
(NCBI assembly GCA_000344595, accessed March 
2020). We assembled the remaining paired-end reads 
(742,979) by using SPAdes version 3.15.3 with default 
parameters (21). We then subjected the assembled 
contigs to BLASTX searches in OmicsBox version 2.0 
(BioBam Bioinformatics, https://www.biobam.com) 
against the NCBI nonredundant protein database.

Genome Analysis
We annotated the ORFs by using the NCBI ORFfinder 
(https://www.ncbi.nlm.nih.gov/orffinder) and by 

manually comparing them with the annotations of 
other piscichuviruses. We filled the gaps in the con-
sensus sequences by PCR for MinION (turtles 1 and 
3) or Sanger (turtle 2) sequencing. To predict RNA 
secondary structures at genomic termini, we used the 
Vienna package RNAfold tool (22).

ISH
We used ISH to localize turtle piscichuviral mRNA 
in all 6 turtles with idiopathic meningoencepha-
lomyelitis and 6 control turtles. RNAscope 2.5 HD 
double z-probes (Advanced Cell Diagnostics, Inc., 
http://acdbio.com) were designed by using the 
large protein gene (L) gene (of freshwater turtle neu-
ral virus 1 [FTuNV1] probe: 1375–2368, sea turtle 
neural virus 1 [STuNV1] probe: 1535–2585). We used 
probes targeting testudine rRNA as positive probe 
controls and the Bacillus subtilis dihydrodipicolinate 
reductase (DapB) gene as negative probe controls 
(Advanced Cell Diagnostics, Inc.). RNAscope (Ad-
vanced Cell Diagnostics, Inc.) ISH was performed 
by following the manufacturer’s protocols and ana-
lyzed by light microscopy.

Phylogenetic Analyses
To infer evolutionary relationships, we phylogeneti-
cally analyzed the translated L ORFs from FTuNV1, 
2 isolates of STuNV1, and 56 other complete jing-
chuvirals in MEGA X (23). We performed multiple 
sequence alignments of each coding sequence sep-
arately by using ClustalW (https://www.clustal.
org) and MUSCLE (http://www.ebi.ac.uk/Tools/
msa/muscle) with default settings. We based selec-
tion of the best substitution model of aligned amino 
acid sequences on the lowest Bayesian information  

Figure 1. Geographic location and year found for 5 stranded piscichuvirus-infected aquatic turtles with meningoencephalomyelitis, 
United States, 2009–2021.
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criterion and Akaike scores and used the best substi-
tution model analysis for maximum-likelihood anal-
ysis. We constructed phylogenetic analyses by using 
the maximum-likelihood method and the Le Gascuel 
matrix plus observed amino acid frequencies plus 5 
discrete gamma categories distribution plus invari-
ant sites substitution model with 500 bootstrap rep-
licates. We used subtree-pruning-regrafting level 3 
(MEGA X) for maximum-likelihood tree inference 
and used all gaps and missing data to construct the 
phylogenetic tree.

Results

Animal Histories and Pathologies
Six test turtles (turtles 1–6) with histories of per-
sistent neurologic signs (e.g., weakness, lethargy, 
asymmetric buoyancy, circling, head tremors, cervi-
cal ventroflexion, and unresponsiveness) were col-
lected from the southeastern United States; 5 were 
piscichuvirus-positive (Table 1; Figure 1). The CNSs 
of all turtles were grossly normal; however, those 
turtles had moderate to severe, multifocal to dif-
fuse mononuclear meningoencephalomyelitis with 
severe lymphoplasmacytic cuffs. Most severely af-
fected were the cerebrum, optic tectum, and cerebel-
lum (Figure 2, panels A, C). The associated neuro-
parenchyma was vacuolated, and some neurons 
exhibited central chromatolysis (Figure 2, panel C). 
Subsequent results from ancillary testing (i.e., Ziehl-
Neelsen staining [turtles 2–4] or PCR for herpesvirus 
[turtle 1] [24] and turtle fraservirus 1 [turtle 4] [4]) 
were negative. Turtles 1–3 were used for metage-
nomic sequencing; turtles 1–6, along with 6 control 
turtles, were used for ISH.

Viral Genomes

FTuNV1/Alligator Snapping Turtle
Through reference-based alignment of all reads that 
passed quality filtering when BLASTN was used, 
we detected only a few piscichuviral-like reads, in-
cluding hits to Wēnlǐng fish chu-like virus (WFClV; 
Piscichuvirus wenlingense, GenBank accession no. 
MG600011) and HFrV1 (GenBank accession nos. 
MN567051, MN567057, MN56703). Mapping filtered 
reads to WFClV in Geneious resulted in 1,491 pisci-
chuviral reads and a draft FTuNV1 genome. After tar-
geted sequencing to close gaps, we obtained a 10,781-
nt complete FTuNV1 genome with at least 10 times 
coverage: (Table 2; isolate FTuNV1/Alligator_snap-
ping_turtle/Florida/ST0994/2009, GenBank acces-
sion no, OQ547744).

STuNV1/Kemp’s Ridley Turtle
 Using BLASTX, we identified 4 de novo contigs 
with highest similarity to HFrV1 (GenBank accession 
no. MN567051) and Guǎngdōng red-banded snake 
chuvirus-like virus (GRSCV; Piscichuvirus lycodontis, 
GenBank accession no. MG600009). After perform-
ing targeted sequencing to close gaps, we obtained 
a 10,839-nt complete genome (GenBank accession  
no. OQ547745).

STuNV1/Loggerhead Turtle
After initially detecting piscichuvirus-like reads by 
using Centrifuge (with a custom index [16] contain-
ing FTuNV1 and STuNV1), we identified piscichuvi-
ral reads by mapping to the Kemp’s ridley STuNV1 
consensus sequence. That process resulted in 258 
reads building a 10,839-nt complete genome with at 

Figure 2. Representative tissue sections from the central nervous system of an alligator snapping turtle (Macrochelys sp.) with 
meningoencephalomyelitis, United States, 2009. A) Cerebellum; lymphoplasmacytic perivascular cuffs (asterisk) and infiltrates are 
widely disseminated in the gray matter and the adjacent leptomeninges. Hematoxylin and eosin stain. B) Replicate section of the 
same tissue shown in panel A. There is strong in situ hybridization signal (red) against freshwater turtle neural virus 1 (FTuNV1) in the 
cytoplasm of small neurons and glial cells throughout the gray matter and associated with the lymphoplasmacytic infiltrates. Hematoxylin 
counterstain. C) Optic tectum; several neurons have central chromatolysis (arrows). Hematoxylin and eosin stain. D) A replicate section 
of the tissue shown in panel C. Intense in situ hybridization signal (red) against FTuNV1 was within the neuronal and glial cytoplasm. 
Scale bars indicate 50 µm. 
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least 10 times coverage, except for the first 9 bases of 
5′ terminus, which had 6–9 times coverage (GenBank 
accession no. OQ547746.)

Genome Comparison of Piscichuviruses
The genomic structures of FTuNV1 and STuNV1 were 
linear, nonsegmented, and had the following ORF ori-
entation: ORF orientation: 3′-ORF4, nucleoprotein (N), 
glycoprotein (G), large protein (L)-5′. In addition, we 
identified that the genomic termini were complemen-
tary (i.e., inverted terminal repeat sequences), and in 
silico modeling predicted the formation of a genomic 
panhandle structure for each virus (Figure 3).

To taxonomically classify FTuNV1 and STuNV1, 
we used the recent jingchuviral taxonomic classifica-
tion, which is based on the L protein amino acid iden-
tity (21). The percentage pairwise amino acid identities 
<90%, <31%, and <21% support the differentiation of 
jingchuvirals as novel species, genera, and families, 
respectively (12). We determined that the L protein 
of the STuNV1 isolates had the same predicted length 
(2,145 aa; Table 2) and were 99.3% identical (Appendix, 
https://wwwnc.cdc.gov/EID/article/30/2/23-1142- 

App1.xlsx); thus, they were considered to be 2 isolates 
of a single variant. The FTuNV1 and STuNV1 L pro-
tein sequences had the same predicted length but were 
≈92% identical (Appendix), which is close to the ini-
tially proposed speciation cutoff criterion. Thus, all 3 
isolates are considered to be within the same new spe-
cies, but FTuNV1 and STuNV1 are proposed as vari-
ants within this species.

We identified a fourth ORF4 in FTuNV1 and 
STuNV1. The predicted ORF4 amino acid sequence 
length was the same in all 3 turtle isolates (105 aa; Table 
2), and the predicted amino acid sequences were iden-
tical for the 2 isolates of STuNV1. Predicted identity 
between FTuNV1 and STuNV1 was ≈77.36% (Appen-
dix). Of note, we also identified putative, but unanno-
tated, ORF4s in previously NCBI-deposited piscichu-
viral sequences (Table 2). Among the ORFs, ORF4 is 
predicted to have the most amino acid variation across 
piscichuviruses (Appendix). For piscichuviruses that 
were previously deposited in GenBank, the putative 
ORF4 was 225–276 nt (74–91 aa) long and 3′ prime of 
the N ORF (Table 2). In addition, ORF4 lacked evi-
dence of transmembrane domains (https://services.

 
Table 2. Genome comparison of piscichuviruses from 5 turtles positive for FTuNV1 or StuNV1, United States, 2009–2021, and 
reference sequences* 

Virus 
GenBank 

accession no. Genome, nt 3′ UTR, nt ORF4, nt N, nt G, nt L, nt 5′ UTR, nt 
FTuNV1 OQ547744 10,781 89 318 1,446 2,052 6,438 91 
STuNV1 (Kemp’s ridley) OQ547745 10,839 93 318 1,500 2,052 6,438 91 
STuNV1 (Loggerhead) OQ547746 10,839 93 318 1,500 2,052 6,438 91 
GRSCV MG600009 10,625 >59 276‡ 1,482 1,995 6,423 >67 
WFClV MG600011 10,385 >64 225‡ 1,344 1,929 6,348 >45 
HFrV1 MN567051 10,718 79 255‡ 1,509 1,983 6,435 204 
HhCV MW645030–2 10,858 NA NA 1,566 1,956 6,363 NA 
SxASC4 KX884439 11,270 >177 234† 1,794 2,046 6,468 >97 
FMCV1 ON125109 10,991 25 396 1,395 2,178 6,615 104 
*FMCV1, freshwater macrophyte associate chu-like virus 1; FTuNV1, freshwater turtle neural virus 1; G, glycoprotein; GRSCV, Guǎngdōng red-banded 
snake chuvirus-like; HFrV1, Herr Frank virus 1; HhCV, hardyhead chuvirus; L, large protein; N, nucleoprotein; NA, data not available; ORF, open reading 
frame; STuNV1, sea turtle neural virus 1; SxASC4, Sānxiá atyid shrimp virus 4; UTR, untranslated region; WFClV, Wēnlǐng fish chu-like virus.  
†Annotations were performed in this study because ORF4 was not originally annotated in the National Center for Biotechnology Information. 

 

Figure 3. Terminal structure 
showing panhandle sequences 
for the 3′ and 5′ termini 
of FTuNV1 and STuNV1 
genomes from piscichuvirus-
infected aquatic turtles with 
meningoencephalomyelitis, 
United States, 2009–2021. 
Sequences were predicted 
by using the Vienna package 
RNAfold tool on Geneious 
(https://www.geneious.
com). Offset bases indicate 
mispairing. Boldface bases 
indicate nucleotide differences 
between FTuNV1 and STuNV1. 
Dots indicate G/U pairings. 
The remaining genome is indicated by the loop structure (not to scale). FTuNV1, freshwater turtle neural virus 1; STuNV1, sea turtle 
neural virus 1.



	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 2, February 2024	 285

Piscichuvirus in Aquatic Turtles

healthtech.dtu.dk/TMHMM-2.0), signal sequences 
(https://services.healthtech.dtu.dk/SignalP-5.0), and 
N-linked glycosylation sites (https://services.health-
tech.dtu.dk/NetNGlyc-1.0).

Phylogeny of Jingchuvirals
Phylogenetic analysis of the predicted L protein ami-
no acid sequences from 59 chuvirids demonstrated 
that FTuNV1 and both STuNV1 isolates clustered 
with other piscichuviruses; bootstrap value was 
100%. All piscichuviruses detected from reptiles form 
a single branch with a 92% bootstrap value (Figure 
4). Similarly, all piscichuviruses detected from ver-
tebrates form a single branch with a 100% bootstrap 
value (Figure 4).

Localization of FTuNV1 and STuNV1 Nucleic Acid
To more definitively associate piscichuviral infection 
with the clinical and histopathologic findings, we 
conducted RNAscope ISH on all 3 isolates that were 
positive for piscichuvirus by sequencing (from turtles 
1–3), all 3 of which demonstrated viral RNA within 
inflamed areas of the CNS (Figure 2, panels C, D). ISH 
testing of 3 additional turtles (turtles 4–6), in which 
no sequencing was performed indicated that 2 of the 
3 were positive. Thus, 5 of 6 cases that were originally 
considered idiopathic were proposed to be associated 
with piscichuvirus (Table 1).

ISH demonstrated disseminated, strong, punc-
tate reactivity for piscichuviral RNA in areas of in-
flammation throughout the CNS. Piscichuviral RNA 
was detected predominantly in the gray matter (Fig-
ure 2, panel B), most notably within the cytoplasm of 
large neurons (often chromatolytic), small neurons, 
glial cells, but occasionally in ependymal cells with 
subtle intensity (Figure 2, panel D). Testing of non-
neural tissues of turtles 1 (tested for FTuNV1 nucleic 
acid) and 2 (tested for STuNV1 nucleic acid) did not 
demonstrate viral mRNA staining.

None of the control brain tissues demonstrated 
viral RNA staining. The host control probe reacted 
appropriately in all tissues that were virus negative 
by ISH. Neither probe detected the other variants.

Discussion
According to the current criteria of using the L pro-
tein amino acid sequence similarity for jingchuviral 
speciation (12), these novel turtle jingchuvirals rep-
resent a new species within the genus Piscichuvirus. 
However, the original speciation criteria might need 
to be revisited to determine if the 2 variants (i.e., 
FTuNV1 and STuNV1) actually represent 2 different 
piscichuviral species given their relative dissimilarity  

(92%) and host differences. For example, although 
sea turtles are known to forage within tidal areas of 
rivers (25) ​and freshwater turtles, including alliga-
tor snapping turtles, are occasionally documented in 
estuarine and marine waters (26), those ecosystems 
are relatively nonoverlapping. As additional studies 
reveal more about the diversity within and between 
chuvirids, their evolutionary timeline, and their host 
restrictions, it is foreseeable that these 2 turtle vari-
ants might ultimately be divided into at least 2 spe-
cies (e.g., freshwater [chelydroid] and marine [chelo-
nioid] turtle).

The predicted terminal panhandle structures of 
the turtle neural virus genomes are similar to those 
of many other viruses of phylum Negarnaviricota, 
including bunyavirals, orthomyxovirids, paramyxo-
virids, and rhabdovirids (27–29) but have not been 
reported for jingchuvirals. In orthomyxovirids, those 
structures serve as promoters for transcription (30–
32), but by creating double-stranded RNA, they also 
induce the antiviral activity of retinoic acid-inducible 
gene I. Although the biological effect of this structure 
remains to be determined, the putative panhandle-
forming untranslated regions could be used for the 
in silico identification of genomic ends in chuvirids 
discovered in the future through metagenomics and 
might provide more insight into the development of 
genomic structure diversity within Chuviridae.

Recent viral zoonoses (e.g., severe acute respirato-
ry syndrome, Ebola virus disease, AIDS) demonstrate 
that wildlife species can be reservoirs (33); thus, it is im-
perative to fully document the repertoire of viruses in 
wildlife and their association with disease. Chuvirids 
are the only jingchuvirals that have been identified in 
vertebrates, including fish and reptiles (9,13). Howev-
er, any associations with the disease have been weak 
and lacked in situ viral localization (13). Our study suc-
cessfully localized chuvirid mRNA within the areas of 
inflammation in multiple individuals across 3 turtle 
species from 2 different ecosystems. Because sequence-
based approaches have become a common platform for 
disease detection and characterization, modifications 
to Koch’s postulates have been proposed to establish 
the causal association of a novel agent in which Koch’s 
postulates cannot be fulfilled (e.g., infection of novel 
agents in endangered species and a likely irreversible 
condition [meningoencephalomyelitis]) (34). The 2 tur-
tle piscichuviral variants have met 3 of the 7 proposed 
criteria: 1) FTuNV1 and STuNV1 nucleic acid sequenc-
es were detected in diseased tissues, 2) no nucleic acid 
sequence was detected in tissues without disease, and 
3) infection was confirmed at the cellular level via ISH. 
Although further research on this disease is required to 
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Figure 4. Phylogenetic analysis of jingchuviral large protein (L) amino acid sequences from piscichuvirus-infected aquatic turtles with 
meningoencephalomyelitis, United States, 2009–2021 (black dots), and reference sequences. Complete L amino acid sequences were 
aligned by using ClustalW (https://www.clustal.org) and refined by using MUSCLE (http://www.ebi.ac.uk/Tools/msa/muscle) with default 
settings. The phylogenetic analysis was performed on MEGA X (23) by using the maximum-likelihood method and Le Gascuel matrix plus 
observed amino acid frequencies plus 5 discrete gamma categories distribution with parameter of 1.0728 plus invariant sites with 0.65% 
sites. The substitution model was constructed with 500 bootstrap replicates. The tree is drawn to scale; bootstrap values are measured in 
the number of substitutions per site. This analysis included 59 aa sequences. Sequences are color coded based on their genomic structure.
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verify reproducibility and to identify similar biological 
properties in other hosts, those findings strongly sug-
gest that FTuNV1 and STuNV1 are a cause of severe 
mononuclear meningoencephalomyelitis in aquatic 
turtles in multiple ecosystems throughout the south-
eastern United States. The identification of closely re-
lated chuvirids in other reptiles and fish suggests that 
chuvirids should be considered as potential emerging 
viruses in at least fish and reptiles, if not mammals. 
Further surveillance is needed to better determine the 
effect of chuvirids on those and other turtles.

All of the turtle species in which a chuvirid was 
found are considered imperiled. Affected turtles in-
cluded mature adults, which are especially vital to the 
stability and recovery of turtle populations (35). Of 
note, all 3 turtles with known body condition scores 
(turtles 1, 4, and 5) were in good nutritional condition 
at the time of death, and all infected turtles lacked any 
predisposing conditions that would increase suscepti-
bility to virus infection. In addition, 2 STuNV1-infected  
loggerhead turtles (turtles 4 and 5) were stranded 
≈1 month apart within the same geographic region. 
The potential to infect and cause disease in relatively 
healthy individuals and the identification of multiple 
diseased turtles from the same areas and time indicate 
a serious wildlife health concern. In addition, an ob-
servation associated with 1 of the cases reported here 
raises the possibility of human-mediated pathogen 
pollution. The genus Macrochelys is proposed to in-
clude either 2 or 3 species (36,37). The alligator snap-
ping turtle infected by FTuNV1 was morphologically 
consistent with the more western member(s) of the ge-
nus, either M. temminckii or M. apalachicolae, neither of 
which should be located where that turtle was found. 
Thus, the discovery of that turtle outside of its natural 
range suggests that it may have been transported and 
released. Future studies are needed to understand the 
diversity and prevalence of chuvirids among turtles, 
the pathogenesis of chuvirid infections, and the effects 
of environment on disease susceptibility.

In summary, we identified 2 variants of a new 
piscichuviral species in 5 aquatic turtles that died of 
idiopathic meningoencephalomyelitis. FTuNV1 and 
STuNV1 most likely cause lymphocytic meningoen-
cephalomyelitis in multiple aquatic turtle species. 
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Madagascar reports more human plague (caus-
ative agent: Yersinia pestis) cases annually than 

any other country (1), often several hundred each 
season (typically September–March) (2). Y. pestis per-
sists in multiple rural foci in the central and northern 
highlands of Madagascar (regions >800 m elevation), 

wherein it cycles primarily among nonnative rat 
hosts via nonnative and native flea vectors (3,4). Oc-
currence and seasonality of human plague is closely 
tied to rice cultivation in rural areas (3,4), which in-
creases contact between humans and rats carrying Y. 
pestis–infected fleas. Most human cases in Madagas-
car are bubonic plague (BP), which originates from 
a flea bite (2). Fleaborne transmission of Y. pestis be-
tween humans has not been documented in Mada-
gascar, so all BP cases are considered independently 
acquired from the environment. Pneumonic plague 
(PP) is not obtained from the environment but results 
from untreated BP that progresses to secondary PP 
(SPP), which subsequently can be passed human-to-
human as primary PP. Increases in Madagascar in the 
proportion of BP cases progressing to PP is attributed 
to the deteriorating healthcare system (2). Human-to-
human transmission of PP occurs in Madagascar (4–
8) but is less common. Human plague in urban areas 
of Madagascar is rare because the rodents and fleas in 
those areas seldom carry Y. pestis.

Y. pestis was introduced to Madagascar in 1898, 
during the third plague pandemic (9). Phylogeo-
graphic analyses of Y. pestis have identified multiple 
distinct subgroups that occur and persist in specific 
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Pneumonic plague (PP) is characterized by high infection 
rate, person-to-person transmission, and rapid progression 
to severe disease. In 2017, a PP epidemic occurred in 2 
Madagascar urban areas, Antananarivo and Toamasina. 
We used epidemiologic data and Yersinia pestis genomic 
characterization to determine the sources of this epidemic. 
Human plague emerged independently from environmental 
reservoirs in rural endemic foci >20 times during August–
November 2017. Confirmed cases from 5 emergences, 
including 4 PP cases, were documented in urban areas. 
Epidemiologic and genetic analyses of cases associated 
with the first emergence event to reach urban areas con-
firmed that transmission started in August; spread to An-
tananarivo, Toamasina, and other locations; and persisted 
in Antananarivo until at least mid-November. Two other Y. 
pestis lineages may have caused persistent PP transmis-
sion chains in Antananarivo. Multiple Y. pestis lineages 
were independently introduced to urban areas from several 
rural foci via travel of infected persons during the epidemic.



RESEARCH

290	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 2, February 2024

geographic locations in Madagascar; subgroups are 
occasionally dispersed between rural foci but rarely 
become established (10–12). Given this high fidelity 
between specific Y. pestis molecular subgroups and 
particular geographic locations in Madagascar, as-
signing isolates to known molecular subgroups can 
identify Y. pestis dispersal events and likely geo-
graphic areas where BP cases were acquired from  
the environment (10).

The 2017–18 human plague season in Madagascar 
was characterized by a typical number of suspected 
BP and PP human cases reported from rural endem-
ic foci but an atypically large number of suspected 
cases, primarily PP, reported from Antananarivo, the 
capital city, and Toamasina, the main seaport, which 
are the largest urban areas in Madagascar. We noted 
a dramatic increase in notified PP cases starting in 
September 2017, continuing until this urban PP epi-
demic was officially declared over on November 27, 
2017 (13). The true number of infections associated 
with this event remains unknown, as well as whether 
this urban PP epidemic was caused by an extended 
chain of transmission of a single clone of Y. pestis or 
by multiple independent introduction events from 
endemic rural foci (14). We prepared detailed case 
histories for the first documented transmission chain 
(29 cases) from the PP epidemic and used molecular 
characterization of Y. pestis isolates and human spu-
tum samples obtained from urban areas and rural 
endemic foci in 2017 to determine the sources of this 
urban PP epidemic.

Methods

Definitions and Investigation
In August–December 2017, plague cases in Madagas-
car were notified to the plague national surveillance 
system, which is mandatory; no ethics approval is re-
quired to use those public health data. We classified 
cases as suspect, probable, or confirmed as previously 
defined (13) and as urban if they occurred within cit-
ies with population >150,000. We considered disease 
onset as the first day plague symptoms occurred. We 
conducted an epidemiologic description for the 29 
initial human cases. We have anonymized informa-
tion for all cases.

Sample Analysis
Y. pestis was isolated from human samples and test-
ed for susceptibility to multiple antimicrobial drugs 
as previously described (Appendix 1 sections 1, 2, 
https://wwwnc.cdc.gov/EID/article/30/2/23-
0759-App1.pdf) (13); we generated whole-genome 

sequences (WGSs) for isolates (Appendix 1 section 3, 
Table 1). We conducted 2 rounds of targeted capture 
and enrichment of Y. pestis DNA from DNA extracted 
from sputum samples positive for Y. pestis via PCR, 
and then sequenced the enriched samples (Appen-
dix 1 sections 5,6, Table 2). We inferred a maximum- 
likelihood phylogeny using single nucleotide poly-
morphisms (SNPs) identified from 36 WGSs from 
2017 isolates and 54 other isolates representative of 
the overall phylogenetic diversity of Y. pestis in Mad-
agascar (10) (Appendix 1 section 4, Table 1; Appen-
dix 2, https://wwwnc.cdc.gov/EID/article/30/2/ 
23-0759-App2.xlsx). SNPs identified in the phylogeny 
as specific to 2017 isolates, or to clades containing 2017 
isolates, were queried in sequence data from enriched 
sputum samples (Appendix 1, section 7, Table 2).

Emergence Events
We determined that multiple 2017 human isolates 
resulted from the same emergence of Y. pestis from 
environmental reservoirs into humans if they differed 
by <2 SNPs in the phylogeny. We defined an emer-
gence as independent from other emergences if there 
was no epidemiologic association and if the isolates 
from that emergence were more closely related to 
older isolates than to other 2017 emergences or dif-
fered from other 2017 emergences by >5 SNPs.

Results

Cases, Isolates, and Samples
A total of 2,549 suspected plague cases were notified 
throughout Madagascar during August–December 
2017, including 1,347 from urban areas and 1,241 clas-
sified as PP. Confirmed or probable PP cases were 
reported from Antananarivo during August 28– 
November 20 and from Toamasina during September 
12–October 27, 2017. We obtained and sequenced Y. 
pestis isolates from 36 cases from 2017 (Appendix 1 sec-
tions 1, 3, Table 1). We identified SNPs specific to 2017 
isolates or to clades containing 2017 isolates in 7 en-
riched sputum samples (Appendix 1 section 7, Table 5).

Multiple Emergences of Human Plague in  
Rural Endemic Foci
Starting in Miarinarivo District in August, human 
plague emerged independently from environmental 
reservoirs >20 times in multiple rural endemic foci in 
Madagascar during August–November 2017 (Table 1; 
Appendix 1 section 8). Those events occurred in 19 
different communes located in 12 different districts 
in the central and northern highlands (Table 1; Fig-
ure 1). Clinical Y. pestis isolates obtained from them 
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were closely related to previous isolates from those 
locations (Figure 2), confirming Y. pestis continues to 
persist in the environment in these regions (10). PP 
arose from BP in at least 6 of these events; confirmed 
human cases originating from 5 events, including 4 
PP cases, were documented in urban areas during the 
epidemic (Table 1).

Initial 29 Cases Associated with the First Urban  
PP Transmission Chain
Case-patient 1 exhibited PP symptoms (fever, gas-
trointestinal and respiratory distress, but no cough) 

on August 25, 2017, in Ankazobe District (Tables 1, 
2; Figures 1, 3) where he had been living and work-
ing and elected to travel to his permanent home in 
Toamasina. His employer drove him by car to An-
tananarivo, where he boarded a shared bush taxi to 
Toamasina on August 27; case-patient 2 sat beside 
him; case-patient 3 immediately behind; and case-
patient 5, wife of case-patient 3, beside her spouse. 
That same day near Moramanga, case-patient 1 expe-
rienced a deteriorated health status, including respi-
ratory distress, and died; case-patients 2 and 3 cared 
for him while he was dying. The corpse was removed 

Figure 1. Plague emergence 
in Madagascar, August–
November 2017. A) Locations 
of emergences. Gray shading 
indicates plague-endemic 
regions in the central and 
northern highlands; yellow 
shading indicates 12 districts 
from which human plague 
emerged from environmental 
reservoirs 20 times during 
August–November 2017. 
Districts are listed in 
chronological order of 
emergences. Multiple numbers 
in the list correspond to different 
independent emergences from 
the same district (Table 1); only 
the first number is indicated on 
the map. Black box indicates 
the area shown in panel B. B) 
Movements (red arrows) of 
some of the cases (Table 2) 
associated with the first urban 
pneumonic plague transmission 
chain (emergence 2 in Table 1). 
Blue polygons indicate districts 
of origin/destination for travel; 
blue circles indicate the cities of 
Moramanga and Toamasina. 
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Figure 2. Maximum-likelihood 
phylogeny of 90 Yersinia 
pestis isolates obtained in rural 
endemic foci from Madagascar 
during August–November 
2017 (boldface) and reference 
sequences. Tree was created 
using 483 core-genome SNPs 
discovered from WGSs and 
rooted using North American strain 
CO92. Stars indicate 5 isolates 
obtained within the urban areas 
of Antananarivo or Mahajanga. 
Numbers in yellow circles and 
squares indicate 20 emergence 
events from environmental 
reservoirs (Table 1); yellow 
squares and rectangles along 
branches indicate phylogenetic 
position of SNPs that were 
queried in Y. pestis sequence data 
from enriched sputum samples 
(Appendix 1, https://wwwnc.cdc.
gov/EID/article/30/2/23-0759-
App1.pdf). Labels for each isolate 
indicate identification number, year 
of isolation, host-disease form, 
and district-commune of isolation; 
letters on branches and colors of 
branches indicate known lineages 
(10). Some known lineages 
without isolates during August–
November 2017 are unlabeled or 
collapsed. BP, bubonic plague; 
H, human; F, flea; PP, pneumonic 
plague; PPP, primary pneumonic 
plague; R, rat; SNP, single-
nucleotide polymorphism; WGS, 
whole-genome sequencing. An 
expanded figure is available online 
(https://wwwnc.cdc.gov/EID/
article/30/2/23-0759-F2.pdf).
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at the Moramanga health center, and the bush taxi 
continued to Toamasina.

Case-patient 2 experienced PP symptoms in Toama-
sina on September 1 and died there September 2. His 
brother (case-patient 22) transferred the corpse by car 
from Toamasina to Antananarivo, by plane from Anta-
nanarivo to Sambava-Vohemar, and then by car and on 
foot to their native village at Ambodisakoa, Vohemar 
District, where case-patient 2 was buried on September 
6. Case-patient 22 sought care for PP symptoms on Sep-
tember 6 and was admitted to a hospital at Vohemar, 
where he recovered. Case-patient 23, brother-in-law of 
case-patient 2, sought care for PP symptoms at Vohe-
mar on September 15 and was successfully treated. No 
other cases were reported from Vohemar. Case-patient 
20, a friend of case-patient 2 who had direct contact with 
him during his disease, was admitted to a hospital at 
Toamasina with PP symptoms on September 12; case-
patient 2 might have also had contact with case-patient 
22  in Toamasina.

Case-patient 3 was admitted to hospital at Toama-
sina with PP symptoms on September 2 and died on 
September 3; a wake was held that night at Toamasi-
na. Case-patients 5 and 7 (sister of case-patient 3, resi-
dent of Mahajanga) attended the wake. Case-patient 
4, a nurse who cared for case-patient 3, exhibited PP 

symptoms on September 5 and fully recovered after 
treatment; no secondary cases were identified from 
case-patient 4. Case-patient 7 returned to Mahajanga, 
where she experienced PP symptoms on September 6; 
she fully recovered after treatment and no additional 
cases were reported from Mahajanga.

On September 4, case-patients 5 and 6 (another 
sister of case-patient 3) transferred the corpse of case-
patient 3 by car from Toamasina to Antohomadinika-
Antananarivo, where another night wake was held 
from September 4–6, followed by burial in Andra-
masina on September 6. Case-patients 5, 6, 8, 9, 12, 
21, and 28 attended the night wake, funeral, or both; 
case-patient 5 exhibited PP symptoms on September 
6. Case-patient 8 exhibited PP symptoms in Anta-
nanarivo on September 9, case-patient 9 in Tsiroano-
mandidy District on September 5, case-patient 12 in 
Miarinarivo District on September 11, case-patient 21 
in Toamasina on September 12, and case-patient 28 
in Ambohidratrimo District on September 17. Case-
patients 8, 9, 12, 21, and 28 recovered after treatment, 
and no secondary cases were reported from them.

Case-patient 5 started travel to Faratsiho on Sep-
tember 9 but died on the way. It is unknown who was 
traveling with her. Her corpse was transported to 
Alatsinainy Bandroka, Faratsiho District, and buried 

 
Table 1. Twenty emergence events of Yersinia pestis bacteria from environmental reservoirs into humans in rural plague foci, 
Madagascar, August–November 2017 

Event 
Major Y. 

pestis group District/Commune 
Earliest recorded 

onset date 
Progression 

from BP to PP? Travel 
Spread to urban areas 

(evidence) 
1 s Miarinarivo/Ambatomanjaka Aug 13 No No 

 

2 s Ankazobe/Marondry Aug 25 Yes Yes Toamasina (sputum 135–
2017), Mahajanga  

(isolate 17/17), Antananarivo 
(sputum 2093–2017) 

3 s Miarinarivo/Anosibe Ifanja Aug 26 No No 
 

4 q Moramanga/Ambohibary Sep 2 No No 
 

5 s Tsiroanomandidy/Tsinjoarivo 
Imanga 

Sep 16 No No 
 

6 y Manandriana/Ambohimahazo Sep 17 No No 
 

7 s Andramasina/Sabotsy 
Ambohitromby 

Sep 21 Yes Yes Antananarivo (isolate 21/17) 

8 j Tsiroanomandidy/Bemahatazana Sep 26 Yes Yes Antananarivo (isolate 35/17, 
possibly sputum 819–2017) 

9 s Manjakandriana/Ranovao Oct 2 No Yes Antananarivo (isolate 22/17) 
10 j Tsiroanomandidy/Ambalanirana Oct 3 No No Antananarivo (possibly 

sputum 819–2017) 
11 s Arivonimamo/Arivonimamo II Oct 5 Yes No 

 

12 β Ambalavao/Miarinarivo Oct 7 Yes Yes Antananarivo (isolate 34/17, 
sputum 1494–2017) 

13 s Ankazobe/Fiadanana Oct 8 No No 
 

14 α Mandritsara/Andratamarina Oct 14 No No 
 

15 s Miarinarivo/Anosibe Ifanja Oct 17 No No 
 

16 t Manandriana/Ambovombe Centre Oct 18 No No 
 

17 x Arivonimamo/Mahatsinjo Est Oct 23 No No 
 

18 q Antananarivo 
Avaradrano/Manandriana 

Oct 30 Yes Yes 
 

19 s Faratsiho/Antsampanimahazo Nov 7 No No 
 

20 β Ambalavao/Anjoma Nov 9 No No 
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after a traditional funeral. Case-patients 13–19 and 
24, all Faratsiho residents, helped prepare the corpse, 
participated in the funeral, or both; all exhibited PP 

symptoms starting on September 12 (case-patients 13–
19) or 13 (case-patient 24). Case-patients 26 and 27 had  
documented but unspecified contacts with >1 of the 

 
Table 2. Information on 29 case-patients associated with the first known urban pneumonic plague transmission chain, Madagascar, 
August–November 2017* 
Case-
patient 
no. 

Age, 
y/sex Outcome Onset date Onset district 

Onset 
location Travel 

Documented contact 
with other case-

patients 
Sample/positive 
Y. pestis result 

Case 
definition 

1 32/M Died Aug 25 Ankazobe Rural Yes 2, 3, 5 None collected Suspected 
2 26/M Died Sep 1 Toamasina I Urban Yes 1, 3, 5, 20, 22 None collected Suspected 
3 36/M Died Sep 2 Toamasina I Urban Yes 1, 2, 4, 5, 7 None collected Suspected 
4 23/F Recovered Sep 5 Toamasina I Urban No 3, 5, 7 Sputum 135–

2017/RDT, PCR 
Probable 

5 16/F Died Sep 6 Antananarivo-
Renivohitra 

Urban Yes 1, 3, 4, 6, 7, 8, 9, 12, 
13, 14, 15, 16, 17, 
18, 19, 21, 24, 28 

None collected Suspected 

6 47/F Died Sep 9 Antananarivo-
Renivohitra 

Urban Yes 5, 8, 9, 10, 11, 12, 
21, 25, 28, 29 

Sputum 118–
2017/RDT, PCR 

Probable 

7 40/F Recovered Sep 6 Mahajanga I Urban Yes 3, 4, 5 Sputum 121–
2017/cultured 
isolate 17/17 

Confirmed 

8 45/M Recovered Sep 9 Antananarivo-
Renivohitra 

Urban No 5, 6, 9, 12, 21, 28 Sputum 150–
2017/RDT 

Probable 

9 30/M Recovered Sep 5 Tsiroanomandidy Rural Yes 5, 6, 8, 12, 21, 28 Sputum 143–
2017/RDT 

Probable 

10 21/F Recovered Sep 11 Antananarivo-
Renivohitra 

Urban No 6, 11, 29 Sputum 119–
2017/none 

Suspect 

11 15/M Recovered Sep 11 Antananarivo-
Renivohitra 

Urban No 6, 10, 29 Sputum 120–
2017/none 

Suspected 

12 37/M Recovered Sep 11 Miarinarivo Rural Yes 5, 6, 8, 9, 21, 28 Sputum 153–
2017/RDT 

Probable 

13 11/F Recovered Sep 12 Faratsiho Rural No 5, 14, 15, 16, 17, 18, 
19, 24 

None collected Suspected 

14 52/M Recovered Sep 12 Faratsiho Rural No 5, 13, 15, 16, 17, 18, 
19, 24 

Sputum 124–
2017/RDT, PCR 

Probable 

15 48/F Recovered Sep 12 Faratsiho Rural No 5, 13, 14, 16, 17, 18, 
19, 24 

Sputum 125–
2017/RDT, PCR 

Probable 

16 9/F Recovered Sep 12 Faratsiho Rural No 5, 13, 14, 15, 17, 18, 
19, 24 

None collected Suspected 

17 39/F Recovered Sep 12 Faratsiho Rural No 5, 13, 14, 15, 16, 18, 
19, 24 

None collected Suspected 

18 38/F Recovered Sep 12 Faratsiho Rural No 5, 13, 14, 15, 16, 17, 
19, 24 

Sputum 129–
2017/RDT 

Probable 

19 19/M Recovered Sep 12 Faratsiho Rural No 5, 13, 14, 15, 16, 17, 
18, 24 

None collected  Suspected 

20 25/M Recovered Sep 12 Toamasina I Urban No 2 Sputum 136–
2017/RDT 

Probable 

21 31/M Recovered Sep 12 Toamasina I Urban Yes 5, 6, 8, 9, 12, 28 Sputum 149–
2017/RDT, PCR 

Probable 

22 30/M Recovered Sep 6 Vohemar Rural Yes 2, 23 Sputum 184–
2017/RDT 

Probable 

23 33/M Recovered Sep 15 Vohemar Rural No 22 Sputum 185–
2017/RDT 

Probable 

24 UNK/
F 

Recovered Sep 13 Faratsiho Rural No 5, 13, 14, 15, 16, 17, 
18, 19 

Sputum 131–
2017/none 

Suspected 

25 49/M Recovered Sep 14 Antananarivo-
Renivohitra 

Urban No 6 Blood 188–
2017/RDT 

Probable 

26 13/M Recovered Sep 14 Faratsiho Rural No ≥1 of 13, 14, 15, 16, 
17, 18, 19, 24 

Sputum 133–
2017/RDT, PCR 

Probable 

27 39/M Recovered Sep 14 Faratsiho Rural No ≥1 of 13, 14, 15, 16, 
17, 18, 19, 24 

Sputum 134–
2017/none 

Suspected 

28 25/F Recovered Sep 17 Ambohidratrimo Rural Yes 5, 6, 8, 9, 12, 21 Sputum 164–
2017/none 

Suspected 

29 46/F Recovered Sep 10 Antananarivo-
Renivohitra 

Urban No 6, 10, 11 Sputum 181–
2017/RDT 

Probable 

*UNK, unknown.  
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above cases and exhibited PP symptoms on Sep-
tember 14. All case-patients in Faratsiho recovered  
after treatment.

Case-patient 6 experienced PP symptoms on Sep-
tember 9 in Antananarivo, sought care at a private clin-
ic with a physically altered state on September 11, and 
was transferred to a military hospital where she died 
on September 11; this case was the first identified case 
from the epidemic that triggered the subsequent public 
health response (13). Four secondary cases in Antanan-
arivo resulted from contact with case-patient 6: case-
patients 10 and 11 (daughter and son of case patient 
6; PP onset September 11), case-patient 29 (daughter-
in-law of case-patient 6; PP onset September 19), and 
case-patient 25. Case-patient 25 (onset September 14), 
who had septicemic plague, was a health agent and 
handled and disinfected the corpse of case-patient 6.

Sample 121–2017, collected in Mahajanga from 
case-patient 7, yielded the only Y. pestis isolate ob-
tained from this transmission chain, 17/17, which is 

most closely related to older isolates from Ankazobe, 
Faratsiho, and Betafo districts (Figure 2). This result is 
consistent with Ankazobe District as the geographic 
source of this transmission chain; case-patient 1 was 
living and working there but had no recent travel to 
Faratsiho or Betafo Districts. Enrichment and sequenc-
ing of sputum samples obtained from case-patient 4 
in Toamasina (135–2017), case-patient 15 in Faratsiho 
(125–2017), and case-patient 22 in Vohemar (184–2017) 
(Table 2) revealed the presence in those samples of 1–5 
SNPs specific to isolate 17/17 (Appendix 1 section 7, 
Table 5), documenting that those cases were all part of 
a single transmission chain that was spread to multiple 
urban areas and regions in Madagascar. On Novem-
ber 8, sputum sample 2093–2017 was collected from an 
Antananarivo resident with no recent travel outside 
the city (Table 1). After we enriched and sequenced 
this sample, we determined that it contained 3 SNPs 
specific to isolate 17/17 that were also present in spu-
tum sample 125–2017 from case-patient 15 (Appendix 

Figure 3. Transmission 
patterns among the initial 29 
cases associated with the 
first urban PP transmission 
chain in Madagascar, 
August–November 2017 
(emergence 2 in Table 1). 
Dates are illness onset 
dates. Solid arrows indicate 
likely infection sources 
based on known contact 
(Table 2); dotted arrows 
indicate hypothetical 
infection sources inferred 
from genetic data, 
epidemiologic data, or both. 
Symbols for individual cases 
indicate male or female 
sex; red indicates persons 
who died and blue indicates 
survivors. Red box indicates 
the first identified case from 
the epidemic that triggered 
the subsequent public 
health response.
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1 section 7, Table 5), suggesting possible community 
spread of this transmission chain in Antananarivo and 
persistence there until at least November 2017.

Introduction of Other Y. pestis Lineages to Antananarivo
Isolate 21/17 was obtained from a sputum sample col-
lected on September 29 from an Antananarivo resident. 
It is distinct from isolate 17/17 but identical to isolate 
20/17 (Figure 2), which was obtained from a bubo as-
pirate collected on September 22 from a resident of a 
rural area of Andramasina District (Table 1; Appendix 
1 section 8). There was no known relationship between 
those 2 persons, and neither reported travel. The per-
son yielding isolate 20/17 had clinical signs consistent 
with SPP, including cough for <5 days. Although un-
known, this person may have initiated an undocu-
mented PP outbreak in Andramasina District; another 
person infected from that outbreak may have traveled 
to Antananarivo, leading to a transmission chain there 
that infected the person who yielded 21/17.

A foreign tourist sought care at a hospital in An-
tananarivo on October 1 for PP symptoms; he had 
traveled outside Antananarivo but the specific details 
are unknown. His sputum sample yielded isolate 
35/17, which is distinct from isolate 17/17 but closely 
related to multiple human isolates obtained from BP 
cases in Tsiroanomandidy District starting in Septem-
ber (Table 1; Figure 2). This finding suggests plague 
activity in this rural focus as the ultimate source of 
the infection in the tourist, from whom no known 
secondary cases were reported. However, sequenc-
ing of enriched sputum sample 819–2017, collected 
on October 12 from an Antananarivo resident with no 
recent travel, contained 1 SNP specific to the j phylo-
genetic group of Y. pestis in Madagascar (Appendix 
1 section 7, Table 5), which suggested the possibility 
of additional undocumented cases associated with 
this transmission chain in Antananarivo. Emergence 
10 was also assigned to phylogenetic group j (Table 
1; Figure 2), so it is possible the patient who yielded 
sputum sample 819–2017 could have been infected 
through a transmission chain from that event involv-
ing undocumented travel to Antananarivo.

Isolate 22/17 (Table 1) was obtained on October 2 
from a bubo aspirate collected in Antananarivo from 
a girl who died the next day. She resided in a rural re-
gion of Manjakandriana District; her family brought 
her to Antananarivo for treatment when she became 
ill. Upon sequencing, isolate 22/17 was distinct from 
isolate 17/17 and most closely related to a 2007 hu-
man isolate from Manjakandriana District (Figure 2). 
No secondary cases were reported from this person, 
which is not unexpected because it was BP.

Isolate 34/17 was reportedly collected from a 
newborn baby in Antananarivo on October 15; his 
parents were residents of Antananarivo with no  
recent travel. The baby was febrile and transferred 
to a children’s hospital as a suspect plague case; staff 
collected a sputum sample using a bronchoscope. The 
sputum sample attributed to this newborn yielded 
isolate 34/17, which is distinct from isolate 17/17 but 
identical to multiple human isolates obtained from 
plague activity in a rural region of Ambalavao Dis-
trict (Table 1; Figure 2; Appendix 1 section 8). The 
earliest documented case there (onset date October 7) 
yielded isolate 32/17 and was diagnosed as BP, but 
PP symptoms were also present. Subsequent PP cases 
were reported from this rural area into late Novem-
ber. No secondary cases were reported from the baby, 
but SNP data suggest subsequent community spread 
of closely related Y. pestis in Antananarivo. 

On October 24, sputum sample 1494–2017 was 
collected from an Antananarivo resident with no 
travel history. Enrichment and sequencing of that 
sample determined it contained an SNP specific 
to human isolates 30/17, 32/17, 33/17, 34/17, and 
55/17 obtained in Ambalavao District as part of the 
investigation of emergence 12 (Appendix 1 section 8).

Discussion
Our epidemiologic and genomic analyses of 29 human 
plague cases associated with the first emergence event 
to reach urban areas of Madagascar document that the 
transmission chain started in late August 2017 in ru-
ral Ankazobe District and subsequently spread to >8 
other districts by mid-September, including the urban 
areas of Antananarivo, Toamasina, and Mahajanga, 
as well as multiple rural districts (Table 2; Figure 1). 
This transmission chain demonstrates that movements 
of infected persons can rapidly spread PP across large 
distances. Prompt public health responses prevented 
subsequent spread of this transmission chain in Ma-
hajanga and Vohemar, but it apparently persisted 
into mid-November 2017 in Antananarivo. Although 
we did not identify genetic data to confirm continued 
presence of this transmission chain in Toamasina, it 
is located well outside the plague-endemic region in 
Madagascar; confirmed and probable PP cases contin-
ued to be reported there through mid-October, which 
suggests possible community spread. Similar to previ-
ous reports from Madagascar and elsewhere in Africa 
(4,6–8,15–17), this PP transmission chain was associ-
ated with traditional funeral practices.

PP transmission requires close contact with an in-
fected person in the end stage of disease (14,18). On 
the day he died, case-patient 1 traveled both in a car 
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with his employer and in a bush taxi. Bush taxis in 
Madagascar are extremely crowded environments, 
typically loaded beyond the original capacity of the 
vehicle and departing only when completely full (19). 
Despite this close contact, only 2 secondary cases, 
case-patients 2 and 3 (Figure 1), appear to have re-
sulted directly from the presence of case-patient 1 in 
the bush taxi and none from travel in the car. This 
result is likely because of his lack of cough; transmis-
sion of PP is thought to occur from either inhalation 
of respiratory droplets expelled by coughing persons 
or by direct contact (14,18), and only those 2 second-
ary cases were known to have had direct contact with 
case-patient 1 in the bush taxi.

Assessing the true number of plague cases as-
sociated with the 2017 urban PP epidemic in Mada-
gascar has been challenging for multiple reasons 
(13,20). One reason is that sputum is a poor-quality 
sample type; isolating Y. pestis from sputum is al-
ways complicated by commensal flora and sample 
quality, and the large number of sputum samples 
collected during this epidemic overwhelmed pub-
lic health laboratories (13). The associated delay in 
culturing sputum samples, as well as evidence that 
many patients may have been self-administering an-
timicrobial drugs effective against Y. pestis (13,20), 
likely further explains why so few Y. pestis isolates 
were obtained from this epidemic. It is also possi-
ble that many of the suspected and probable cases 
were not true infections (14,21). Regardless, only 4 
isolates were obtained from sputum samples col-
lected from urban areas during this epidemic: 17/17 
from Mahajanga and 35/17, 21/17, and 34/17 from 
Antananarivo. Isolate 22/17 also was collected in 
Antananarivo from a BP case. All 5 of the isolates 
obtained in urban areas are highly distinct from 
each other (Figure 2) and associated with 5 differ-
ent independent emergence events in rural foci 
(Table 1). Those patterns document that Y. pestis 
was introduced to Antananarivo >5 times during 
the epidemic, with evidence that 3 of those intro-
ductions may have led to subsequent community  
transmission. The patterns also suggest there may 
have been more introductions of Y. pestis to Anta-
nanarivo, Toamasina, or both that could not be doc-
umented because there were no isolates.

Movement of infected persons from rural  
disease-endemic regions to urban areas may have 
been caused by panic that arose in the Malagasy 
population in response to the PP epidemic (1). The 
number of notified cases associated with this epi-
demic increased dramatically in late September and 
early October 2017 (13), coinciding with the timing 

of the first situation report from the World Health 
Organization (22) and widespread coverage in the 
media; this increase in cases was probably caused in 
part from fear and panic in urban inhabitants unfa-
miliar with plague (20). Residents of rural regions 
are much more aware of plague and perceive it to be 
rapidly fatal; however, they are less familiar with PP 
than BP (23). The increased public communications 
regarding the PP epidemic in urban areas, as well 
as the increased availability there of public health 
resources from mobilization of substantial domestic 
and international public health resources (1), may 
have led some infected persons from rural areas to 
travel to Antananarivo to seek treatment. A previ-
ous study (11) described evidence of plague-infected 
persons moving from the central highlands to Maha-
janga and from Mahajanga to Antananarivo.

In conclusion, the 2017 urban PP epidemic in 
Madagascar involved the introduction of multiple 
independent lineages of Y. pestis from several rural 
foci, which may partly explain why this epidemic was 
so difficult to control. Because PP spreads person-to-
person, control of PP outbreaks and epidemics is fo-
cused on identifying cases and their known contacts 
and providing antimicrobial treatment. Those types 
of investigations were largely impossible in this in-
stance, given the extent of the epidemic, which likely 
hampered control efforts. Our results suggest that 
control efforts also might have been diminished by 
the presence of multiple independent transmission 
chains that may have resulted in continuation or ex-
pansion of the epidemic. Our findings highlight the 
importance of using existing genotyping tools (24) 
and developing genomics capabilities in Madagascar, 
elsewhere in Africa, and other global locations (25) so 
they can be used during outbreaks of plague and oth-
er diseases to promptly identify multiple sources and 
transmission chains to better inform control efforts.
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Since the first detection highly pathogenic avi-
an influenza (HPAI) virus A/goose/Guang-

dong/1/1996 (Gs/Gd) in China in 1996, the Gs/Gd 
lineage of HPAI H5Nx virus has spread globally, 
infecting various species and posing a threat to ani-
mal and human health (1). Outbreaks caused by 1 

Gs/Gd strain, clade 2.3.4.4, have occurred world-
wide, and the clade has further evolved into 8 sub-
clades (2.3.4.4a–2.3.4.4h) (2). Since 2013, ancestral 
HPAI H5 viruses of clade 2.3.4.4, in combination 
with different neuraminidase subtypes (e.g., H5N1, 
H5N6, and H5N8), have been circulating in South-
east Asia. Clade 2.3.4.4b H5N8 viruses were first 
detected in China in late 2013 and in South Korea in 
early 2014 (3). H5N8 viruses were detected in wild 
birds in Qinghai Lake, China, and Lake Uvs-Nuur, 
Russia, in May 2016 (4), and were then dissemi-
nated to Europe by wild birds (5). In 2020, a new 
variant of the clade 2.3.4.4b H5N1 virus emerged 
in Europe and spread predominantly through wild 
birds to various regions including Europe, Asia, 
and Africa (6–8). In late 2021, that 2.3.4.4b H5N1 
virus spread to North America and subsequently 
to South America in 2022 (9). As of September 2023, 
H5N1 clade 2.3.4.4b virus is widespread in all re-
gions except Antarctica and Oceania, causing infec-
tions and deaths in various wild birds and mam-
mals (10) and posing major threats to public health 
and wildlife conservation.

In South Korea, 10 outbreaks of Gs/Gd-lineage 
H5Nx HPAI viruses have been recorded to date: 
clade 2.5 H5N1 outbreak during 2003–2004, clade 
2.2 H5N1 during 2006–2007, clade 2.3.2 H5N1 in 
2008, clade 2.3.2.1 H5N1 during 2010–2011, clade 
2.3.4.4c H5N8 during 2014–2016, clade 2.3.4.4e 
H5N6 and clade 2.3.4.4c H5N8 during 2016–2017, 
clade 2.3.4.4b H5N6 during 2017–2018, clade 
2.3.4.4b H5N8 during 2020–2021, clade 2.3.4.4b 
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During October 2022–March 2023, highly pathogenic 
avian influenza (HPAI) A(H5N1) clade 2.3.4.4b virus 
caused outbreaks in South Korea, including 174 cases 
in wild birds. To understand the origin and role of wild 
birds in the evolution and spread of HPAI viruses, we 
sequenced 113 HPAI isolates from wild birds and per-
formed phylogenetic analysis. We identified 16 differ-
ent genotypes, indicating extensive genetic reassort-
ment with viruses in wild birds. Phylodynamic analysis 
showed that the viruses were most likely introduced to 
the southern Gyeonggi-do/northern Chungcheongnam-
do area through whooper swans (Cygnus cygnus) and 
spread southward. Cross-species transmission occurred 
between various wild bird species, including waterfowl 
and raptors, resulting in the persistence of HPAI in wild 
bird populations and further geographic spread as these 
birds migrated throughout South Korea. Enhanced ge-
nomic surveillance was an integral part of the HPAI out-
break response, aiding in timely understanding of the 
origin, evolution, and spread of the virus.
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H5N1 during 2021–2022, and clade 2.3.4.4b H5N1 
during 2022–2023 (11–15). Of those, the most recent 
H5N1 2.3.4.4b HPAI virus was first detected in a 
wild Mandarin duck in October 2022, and multiple 
outbreaks occurred in wild birds and poultry be-
fore their absence of detection after March 2023. 
During October 2022–March 2023, a total of 75 
cases of HPAI infection in poultry farms and 174 
cases of HPAI infection in wild birds were reported 
(16). The higher number of HPAI viruses detected 
in wild birds than in poultry probably reflected 
the higher level of virus circulation in wild birds, 
highlighting the need for further investigating the 
process underlying virus emergence and spread in 
wild birds. Therefore, we sequenced and analyzed 
113 H5N1 HPAI virus isolates, which were collect-
ed by the Korean National Institute of Wildlife Dis-
ease Control and Prevention (NIWDC) under the 
national wild bird surveillance program in South 
Korea during 2022–2023, to identify the origin and 
reconstruct the evolutionary and transmission dy-
namics of H5N1 HPAI viruses in South Korea.

Materials and Methods

Samples and Spatial Distribution
The national wild bird surveillance program in 
South Korea has reported 174 HPAI H5N1 viruses 
during 2022–2023. We isolated HPAI H5N1 viruses 
from wild bird habitats and major streams during 
September 2022–February 2023 in South Korea dur-
ing the Avian Influenza National Surveillance for the 
Protection and Management of Wildlife Animals and 
Plants, conducted by the Ministry of Environment. 
For active surveillance, we collected oropharyngeal, 
or cloacal swabs from captured wild birds and fecal 
samples from wild bird habitats. We tested carcasses 
of wild birds submitted voluntarily to NIWDC for 
HPAI. We transported, checked, and inoculated all 
samples in the allantoic cavities of 9–11-day-old 
specific-pathogen–free embryonated eggs at 37°C 
for 96 hours. We performed avian host identification 
for avian influenza–positive fecal samples by using 
DNA barcoding as previously described (17). For 
this study, we selected 113 HPAI H5N1 isolates for 
phylogenetic and phylodynamic analyses on the ba-
sis of their geographic locations and collection dates 
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/30/2/23-1274-App1.pdf). We analyzed spa-
tial distribution of 113 HPAI H5N1 isolates by using 
the kernel model in ArcGIS software (ESRI, https://
www.esri.com) to identify areas with a high density 
(Appendix Table 1).

Genome Sequencing and Phylogenetic Analysis
We conducted next-generation sequencing (NGS) 
as previously described (18), and we deposited con-
sensus genome sequences into the GISAID database 
(isolate nos. EPI_ISL 1824572–1824583 and EPI_ISL 
18242686). To determine the genotypes, we construct-
ed the maximum-likelihood phylogeny of each gene 
segment. We performed Bayesian phylodynamic 
analysis of geographic location and wild bird species. 
First, to investigate virus transmission between geo-
graphic locations, we defined geographic regions as 
10 discrete nominal categories: Russia, Japan, China, 
and 7 locations in South Korea—Gyeonggi-do (GG), 
Gangwon-do (GW), Chungcheongbuk-do (CB), 
Chungcheongnam-do (CN), Gyeongsangbuk-do 
(GB), Gyeongsangnam-do (GN), and Jeolla-do (JL). 
Second, to infer the transmission dynamics between 
host species, host species were divided into 8 discrete 
nominal categories as follows: bean goose, crane, 
egret and heron, gull and crow, raptor, swan, white-
fronted goose, and wild duck (Appendix).

Results

Overview of 2022–23 HPAI H5N1 Viruses from  
Wild Birds in South Korea
In South Korea, the 2022–23 H5N1 HPAI outbreak 
started with virus detection in a wild Mandarin duck 
in October 2022 and lasted in wild birds until March 
2023 (Figure 1). A total of 174 cases of infections in 
wild birds were reported in 132 carcasses, 31 fecal 
droppings, and 11 captured wild birds. The HPAI 
H5N1 virus was detected in 22 wild bird species, 
including 16 eastern spot-billed ducks (Anas zono-
rhyncha), 28 hooded cranes (Grus monacha), 44 greater 
white-fronted geese (Anser albifrons), 11 whooper 
swans (Cygnus cygnus), 10 Eastern great egrets (Ardea 
modesta), and 5 unspecified bird species.

Two major waves of outbreaks occurred, a peak 
in the third week of December, and the second high-
est number of outbreaks in the first week of January. 
The first wave of outbreaks mainly affected the GG 
and JL regions and involved species such as wild 
duck and crane. The second wave of outbreaks main-
ly affected the GW region and involved white-fronted 
goose species (Figure 1).

We examined the spatial distribution of all 
HPAI outbreaks that occurred during 2022–2023 
by using the kernel density estimation method. 
The results showed a clear geographic distribution 
of high-density areas around inland water bodies. 
We observed the peak distribution of kernel den-
sity values in GW and the highest concentration of 
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cases in JL (Figure 2). Southern GG, northern CN, 
and northern CB, which are adjacent provinces 
that share inland water bodies, form a single high- 
density area.

Origin of H5N1 HPAI Viruses
The phylogenetic analysis of the hemagglutinin 
(HA) gene showed that all HPAI viruses sequenced 
in this study belonged to the 2.3.4.4b HPAI lineage. 
All of them carried a multi-basic amino acid motif at 
the HA cleavage site: PLREKRRKR/GLF (n = 106), 
PLRERRRKR/GLF (n = 2), PLRENRRKR/GLF (n = 
2), PLREERRKRR/GLF (n = 1), PLREKRRRR/GLF 
(n = 1), and PLREKGRKR/GLF (n = 1). We hypoth-
esized that the origin of clade 2.3.4.4b H5N1 viruses 
that caused outbreaks during 2022–23 was because 
of the reemergence of 2021–22 HPAI H5N1 viruses 
that persisted in wild bird populations in South Ko-
rea throughout the summer of 2022 or the introduc-
tion of the novel clade 2.3.4.4b H5N1 HPAI virus 
from outside South Korea. Our phylogenetic analysis 

 results suggested that the latter assumption was 
the most likely one because the source-sink dynam-
ics support that HPAI H5N1 virus was newly intro-
duced into South Korea from Russia during the fall 
of 2022 (Figure 3; Appendix Table 2). The molecular 
dating analysis of the HA gene estimated the time to 
the most recent common ancestor of HPAI H5N1 vi-
ruses in South Korea to be July 14, 2022 (95% Bayesian 
credible interval [BCrI] May 11–September 5, 2022). 
The A/Em/Korea/22WF118–15P/2022 (H5N1) vi-
rus, which was detected on November 1, 2022, was 
not clustered with other H5N1 viruses identified in 
South Korea, suggesting a point-source introduc-
tion. The most closely related virus was A/Jiangsu/
NJ210/2023 (H5N1), which infected humans in Feb-
ruary 2023 in the Jiangsu region of China (Appendix 
Figure 1) (19).

Genotypes
The maximum-likelihood phylogenetic analysis of 
the 8 gene segments helped identify the genotypes 
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Figure 1. HPAI A(H5N1) clade 
2.3.4.4b viruses and outbreaks, 
South Korea, October 2022–
March 2023. A) Number of HPAI 
viruses detected in wild birds, by 
week, month, and geographic 
region. Geographic regions 
were determined according 
to a discrete trait analysis 
conducted for the study. B) 
Number of HPAI outbreaks, 
by week, month, and host 
species category. HPAI, highly 
pathogenic avian influenza. 
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of H5N1 viruses. We identified 16 unique geno-
types, which were most likely produced by multi-
ple reassortment events with low pathogenic avian 
influenza viruses in wild birds. We assigned each 
genotype an alphabet letter based on the Kor22–23 
nomenclature, which indicated the region of origin 
(Kor) and year of origin (2022–2023). The 16 geno-
types were as follows: Kor22–23A (n = 4), Kor22–23B 
(n = 2), Kor22–23C (n = 18), Kor22–23D (n = 65), Kor-
22–23E (n = 6), Kor22–23F (n = 1), Kor22–23G (n = 1), 
Kor22–23H (n = 1), Kor22–23I (n = 1), Kor22–23J (n = 
2), Kor22–23K (n = 6), Kor22–23L (n = 1), Kor22–23M 
(n = 1), Kor22–23N (n = 1), Kor22–23O (n = 2), and 
Kor22–23P (n = 1) (Appendix Table 4). The predomi-
nant genotype was Kor22–23D, accounting for 57.5% 

of cases, followed by Kor22–23C, accounting 15% of 
cases. In those predominant genotypes (Kor22–23D 
and Kor22–23C), we observed reassortment in all 
internal genes, except for the matrix protein gene, 
compared with the early genotype, Kor22–23A. The 
most frequently identified internal genotypes were 
polymerase basic 2 (d), polymerase basic 1 (d), poly-
merase acidic (d), HA (a), nucleoprotein (d), neur-
aminidase (a), matrix protein (a), and nonstructural 
(d), which corresponded to the internal genes of the 
Kor22–23D genotype (Appendix Figure 1). Geno-
type diversity decreased from late December 2022, 
in particular as a consequence of the disappear-
ance of Kor22–23C and Kor22–23B (Figure 4, panel 
A). Kor22–23D exhibited the highest proportions in 
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Figure 2. Kernel density map 
of epizootic cases of highly 
pathogenic avian influenza, by 
geographic region, South Korea, 
October 2022–March 2023. 
Geographic regions determined 
according to a discrete trait 
analysis conducted for the study.
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GW, CN, and GN. Kor22–23C showed the highest 
proportion in JL. Kor22–23B was sporadically dis-
tributed across various regions.

Transmission Dynamics of HPAI H5N1 Viruses in 
South Korea during 2022–23
The discrete trait phylodynamic analyses (DTA) be-
tween geographic regions suggested that the virus 
was most likely dispersed from China to Russia dur-
ing 2021–2022, then introduced from Russia to the GG 
of South Korea during 2022. In South Korea, the DTA 
supported the virus spread from GW to GG (transi-
tion rate [TR] 2.508, Bayes factor [BF] 212524.514, and 
posterior probability [PP] 1.00), GG to GN (TR 1.711, 
BF 35413.848, and PP 1.00), and GG to CN (TR 1.293, 
BF 284.057, and PP 0.97) (Appendix Table 2). We vi-
sualized the inferred transmission networks in South 
Korea on a map (Figure 5). We also inferred the time 
spent on each discrete state by estimating the Mar-
kov reward. The estimated total Markov reward time 
for locations in South Korea was highest in GG (3.407 

[95% BCrI 2.237–4.6073]), followed by GW (2.371 
[95% BCrI 1.4939–3.6048]), indicating the contribution 
of wild birds in GG and GW to virus persistence and 
circulation in South Korea (Figure 6, panel A).

On the basis of the DTA between wild bird spe-
cies, the most probable transmission pathway was 
from white-fronted goose to raptor (TR 1.804, BF 
710.953, and PP 0.99), followed by swan to bean goose 
(TR 1.041, BF 21.822, and PP 0.78) and swan to white-
fronted goose (TR 1.233, BF 17.182, and PP 0.73) (Fig-
ure 7; Appendix Table 3). For genotypes, Kor22–23D 
was the predominant genotype, and its highest pro-
portion was detected in white-fronted goose, egret, 
and heron, whereas the highest proportion of Kor22–
23C was detected in crane. The raptor and bean goose 
contained highly diverse genotypes compared with 
those genotypes contained by other host species (Fig-
ure 4, panel B). Collectively, those results indicate that 
the white-fronted goose and swan played a major role 
in the HPAI H5N1 virus spread in South Korea. In 
addition, the estimated total Markov reward time by 
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Figure 3. Maximum clade 
credibility tree constructed 
using the hemagglutinin gene 
of highly pathogenic avian 
influenza A(H5N1) clade 
2.3.4.4b virus, with geographic 
region as a discrete trait, South 
Korea, June 2022–January 
2023. Each branch is colored 
according to the geographic 
region specified in the legend. 
Each genotype was assigned 
an alphabet letter based on 
the Kor22–23 nomenclature, 
which indicated the region 
of origin (Kor) and year of 
origin (2022–2023). Orange 
shade represents Kor22–23B 
genotype viruses. Violet 
shades represent Kor22–23C 
genotype viruses. Blue 
shades represent Kor22–23D 
genotype viruses. The x-axis is 
in decimal year format.
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host species was the highest in white-fronted goose 
(3.428 [95% BCrI 1.7149–5.8995]) (Figure 6, panel B). 
Those findings suggest that the white-fronted goose 
contributed to virus maintenance and spread in South 
Korea during 2022–2023.

Discussion
Understanding the movement and host characteris-
tics of migratory waterfowl, which are natural hosts 
of avian influenza, is crucial for understanding the 
evolution and transmission pathways of HPAI virus. 
Migratory birds play a critical role in virus trans-
mission because they have vast ranges, undertake 
long-distance migrations across borders to and from 
wintering and breeding sites, and interact with dif-
ferent species at each site (20). Some bird species 
can carry the virus without showing clinical signs of 
disease, which makes them long-distance carriers of 
the virus (21). Moreover, migratory waterfowl can 
potentially bring diverse strains of viruses, facilitat-
ing the emergence of new reassortant strains. Clade 
2.3.4.4 HPAI viruses have undergone frequent reas-
sortment events, especially in wild birds (7). The high 

genetic diversity of avian influenza viruses in wild 
birds has contributed to the generation of multiple 
genotypes of clade 2.3.4.4. HPAI H5Nx viruses as a 
donor gene pool of different genetic lineages (22). In 
our study, the genotyping of the 113 wild bird–origin 
HPAI H5N1 clade 2.3.4.4b viruses observed during 
October 2022–March 2023 revealed 16 different geno-
types. Most of these newly reassorted genotypes were 
transient and did not show sustained transmission 
in wild bird populations, except for Kor22–23D and 
Kor22–23C. We assume that those 2 genotypes were 
predominant during the outbreak because they had 
better viral fitness than other transient genotypes for 
sustained transmission in wild birds.

The DTA between geographic locations indicated 
that most probable location for initial virus introduc-
tion to South Korea was GG. DTA is used in molecular 
epidemiology to study the geographic spread of in-
fectious diseases across regions. When applied at the 
provincial or state level, a major limitation of this ap-
proach is its reliance on manmade borders as a proxy 
for the geographic structure. Manmade borders, 
such as provinces or state lines, do not necessarily  
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Figure 4. HPAI A(H5N1) clade 
2.3.4.4b viruses and outbreaks, 
South Korea, October 2022–
March 2023. A) Number of HPAI 
outbreaks by week, month, and 
genotype. B) Number of HPAI 
outbreaks, by week, month, 
and host species category. 
Each genotype was assigned 
an alphabet letter based on the 
Kor22–23 nomenclature, which 
indicated the region of origin (Kor) 
and year of origin (2022–2023). 
HPAI, highly pathogenic  
avian influenza. 
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align with the natural distribution of wild bird popu-
lations or movement patterns of viruses. Using such 
borders may lead to oversimplification and inaccura-
cies in analyses because they may not reflect the actu-
al transmission routes or wild bird movements. Our 
DTA results suggest that the virus was introduced 
from Russia to GG; however, the actual index case in 
South Korea was identified in the northern part of the 
CN. The kernel density analysis showed that southern 
GG and northern CN were classified as single high 
HPAI-density areas. Based on these findings, the vi-
rus was most likely introduced into the southern GG 

and northern CN areas initially and then spread to 
other regions. In addition, an HPAI H5N1 virus origi-
nating from the North American lineage was detected 
in October 2022, which is most likely a point-source 
introduction of virus (23).

Monitoring the geographic distribution of HPAI 
viruses in wild birds and locations of poultry farms is 
vital for assessing the risk for virus spillover. A pre-
vious study analyzed the geographic distribution of 
HPAI H5N1 outbreaks in poultry farms in South Ko-
rea during 2013–2017 and found high number of cas-
es in southern GG, northern CN, and JL (24), which 
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Figure 5. Inferred transmission 
networks of highly pathogenic 
avian influenza A(H5N1) 
viruses from wild birds, South 
Korea, October 2022–March 
2023. Arrows show the well-
supported transitions in 
discrete trait phylogeography. 
Line colors indicate the overall 
Bayes factor test support for 
epidemiologic linkage. White 
arrows indicate statistical 
support with Bayes factor > 
100 (very strong support), gray 
arrows indicate support with 
10 < Bayes factor < 100 (strong 
support), and cyan arrows 
indicate support with 3 < Bayes 
factor < 10. Numbers next to 
arrows indicate transition rates. 
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were also high-density areas of HPAI detections in 
wild birds during 2022–2023. In particular, JL is the 
region with the highest poultry farm density in South 
Korea (25). JL is also the region with the highest num-
ber of HPAI H5N1 outbreaks in poultry farms dur-
ing winter 2022–2023, according to the South Korean 
Animal and Plant Quarantine Agency (16). In addi-
tion, most HPAI H5N8 transmissions occurred dur-
ing 2014–2015 within the western provinces, includ-
ing GG, CN, and JL, which are characterized by high 
domestic duck densities and high numbers of over-
wintering waterfowl (26). On the basis of those find-
ings, we suggest that integrative analysis of real-time 
surveillance data in wild birds and spatial distribu-
tion data of poultry farms can serve as an early warn-
ing system for forecasting the risk for avian influenza 
spillover from wild birds to poultry.

A previous study suggested the dissemination 
of HPAI viruses between South Korea and Japan 
through wild birds (11); however, the means by 
which the virus spreads between these 2 countries 
remains unclear. Of note, our DTA suggests that, 
after the virus spread to GW, it migrated from GW 
to central Japan, including Yamagata, Tochigi, Mi-
yagi, and Shizuoka Prefectures, which have similar 
latitudes to that of GW. Further studies on the virus 
spread through migratory birds between GW and 
central Japan may provide valuable insights into 
the transboundary spread of HPAI viruses between 
these countries.

The initial entry of the virus through whooper 
swans was highly supported by DTA of host spe-
cies. Whooper swans have been previously reported 
as long-distance migratory birds that can transmit 
HPAI viruses along their migration route. Previous 
studies on satellite GPS data showed that whooper 
swans bred in Mongolia and Russia were positive 
for HPAI viruses and subsequently migrated to 
South Korea, which coincides with the viral move-
ment observed in our study (27). Considering the 
limitations of sampling in our surveillance study, 
an alternative explanation for this finding could 
be that the high susceptibility and distinctive mor-
phology of whooper swans facilitated their early 
detection and subsequent sampling, potentially 
leading to the identification of HPAI viruses dur-
ing the initial stages of the outbreak. Given that the 
most samples used in our surveillance study were 
wild bird carcasses collected by NIWDC through 
voluntary reports, asymptomatic wild bird carri-
ers of HPAI viruses might not have been detected 
or included in our study. Of note, among the wild 
bird species affected by HPAI H5 virus, whooper 
swans have been reported as a frequently affected 
species thus recognized as a sentinel species for the 
presence of HPAI virus within the wild bird popu-
lation (27). The frequent detections of swans found 
dead from HPAI infection can be attributed to their 
pathobiologic and morphologic characteristics com-
pared with other wild bird species, including their 
high susceptibility to HPAI H5 virus infection and 
their substantial size and white color, which make 
them readily noticeable and identifiable when they 
are found dead from HPAI infection (28). Although 
passive surveillance of wild birds is considered the 
most effective method for monitoring HPAI associ-
ated with high mortality rates, active surveillance 
should be expanded in asymptomatic host species to 
improve our understanding of the behavior of these 
viruses in the wild-bird population. The DTA results 

306	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 2, February 2024

Figure 6. Markov time spent for geographic location (A) and 
host type (B) among highly pathogenic avian influenza A(H5N1) 
viruses from wild birds, South Korea, October 2022–March 
2023. CB, Chungcheongbuk-do; CN, Chungcheongnam-do; GB, 
Gyeongsangbuk-do; GG, Gyeonggi-do; GN, Gyeongsangnam-do; 
GW, Gangwon-do; JL, Jeolla-do.
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suggested that geese (bean goose and white-fronted 
goose) played a crucial role in the virus spread in 
South Korea after these viruses were introduced by 
swans. Transmission was relatively frequent among 
swans, geese, and cranes, likely because those spe-
cies share habitats around inland water bodies in 
South Korea (29). In addition, transmission of virus-
es from geese to raptors suggests possible upward 
food chain transmission during the predation of 
possibly infected geese.

NGS is a useful tool for obtaining complete ge-
nome sequences that can be used for outbreak analy-
sis, combined with epidemiologic investigation data, 
to identify the possible origins and understand the 
transmission dynamics of viruses rapidly and accu-
rately. During the 2022–23 HPAI virus outbreak, NI-
WDC attempted to sequence all available HPAI virus 
isolates from wild birds by using NGS and performed 
a comparative phylogenetic analysis to facilitate the 

rapid screening of HPAI and effective genomic sur-
veillance. The 113 genome sequences identified in 
our study greatly expanded the existing dataset of the 
genome sequences of clade 2.3.4.4b HPAI virus from 
South Korea and helped us investigate the evolution-
ary history and molecular epidemiology of the virus 
outbreak across spatial and temporal scales. Immedi-
ate genome sequencing and analysis during outbreaks 
are recommended as an integral part of the HPAI vi-
rus outbreak response because this information can 
provide valuable insights into the origin, evolution, 
and spread of the virus. The precise and detailed ge-
nomic surveillance data can be especially beneficial 
to outbreak control and prevention efforts by help-
ing public health officials and researchers monitor 
the emergence of new variants, trace the transmis-
sion of HPAI virus, tailor interventions and recom-
mendations for the public, and develop countermea-
sures. Sharing genomic data with the global scientific  
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Figure 7. Maximum clade 
credibility tree constructed using 
the hemagglutinin gene of HPAI 
A(H5N1) clade 2.3.4.4b virus, 
with host types as a discrete 
trait, South Korea, June 2022–
January 2023. Each branch is 
colored according to the host 
type specified in the legend. 
Each genotype was assigned 
an alphabet letter based on the 
Kor22–23 nomenclature, which 
indicated the region of origin 
(Kor) and year of origin (2022–
2023). Orange shade represents 
Kor22–23B genotype viruses. 
Violet shades represent Kor22–
23C genotype viruses. Blue 
shades represent Kor22–23D 
genotype viruses. The x-axis is 
in decimal year format.
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community and international health organizations 
can foster collaboration and a coordinated response 
to global HPAI outbreaks.
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Zika virus (ZIKV) is an arthropodborne virus be-
longing to the Flaviviridae family. Virions are 

enveloped for a single-stranded positive-sense RNA 
genome of ≈10.8-kb (1). ZIKV is transmitted through 
the bite of infected Aedes spp. mosquitoes, mainly A. 
aegypti, which are widely distributed throughout the 
tropical and subtropical regions of the world. 

In 2015, a large ZIKV epidemic was documented 
in Brazil, resulting in an estimated 440,000–1.3 million 
cases (2). Of great concern, the epidemic was preced-
ed by a dramatic increase in the number of congeni-
tal anomalies, including newborn microcephaly (3,4). 
However, since the largest outbreak in 2015, ZIKV 
has decreased its circulation; novel cases are only spo-
radically reported (5).

ZIKV infections are usually asymptomatic, al-
though a small proportion of persons may experience  

mild symptoms such as fever, rash, nonpurulent  
conjunctivitis, muscle pain, and joint pain. During 
pregnancy, ZIKV infection may result in microcepha-
ly and other congenital abnormalities in the develop-
ing fetus (3). Suspected cases are diagnosed by detec-
tion of viral RNA in blood and urine during the acute 
phase of the disease and in other body fluids with 
variable frequency and duration by reverse transcrip-
tion PCR (RT-PCR) (6). As previously reported, ZIKV 
infection may result in a persistent viral infection, 
as demonstrated by the prolonged detection of viral 
RNA in semen; the longest detection was up to 370 
days after symptom onset (7). Virus compartmental-
ization and persistence are common features of ZIKV 
infection; however, the clinical and immunological 
aspects of ZIKV persistence, reactivation, and reinfec-
tion are still unknown.

Evidence of Zika Virus Reinfection 
by Genome Diversity and Antibody 

Response Analysis, Brazil
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(V. Fonseca); University of Campus Bio-Medico di Roma, Rome, 
Italy (M. Giovanetti); World Health Organization, Geneva,  

Switzerland (E.O. Kara, N.J.N. Broutet); Walter Reed Army 
Institute of Research, Silver Spring, Maryland, USA (R. de La 
Barrera, K. Modjarrad); Department of Chronic Condition Diseases 
and Sexually Transmitted Infections, Brasília, Brazil (S.P. Giozza, 
G.F. Pereira); National Reference Center for Tropical Infectious 
Diseases, Hamburg, Germany (G.L. Wallau)

DOI: http://doi.org/10.3201/eid3002.230122

1These authors contributed equally to this article.

We generated 238 Zika virus (ZIKV) genomes from 135 
persons in Brazil who had samples collected over 1 year 
to evaluate virus persistence. Phylogenetic inference clus-
tered the genomes together with previously reported ZIKV 
strains from northern Brazil, showing that ZIKV has been 
remained relatively stable over time. Temporal phylogenetic 
analysis revealed limited within-host diversity among most 
ZIKV-persistent infected associated samples. However, we 
detected unusual virus temporal diversity from >5 persons, 

uncovering the existence of divergent genomes within the 
same patient. All those patients showed an increase in neu-
tralizing antibody levels, followed by a decline at the con-
valescent phase of ZIKV infection. Of interest, in 3 of those 
patients, titers of neutralizing antibodies increased again af-
ter 6 months of ZIKV infection, concomitantly with real-time 
reverse transcription PCR re-positivity, supporting ZIKV re-
infection events. Altogether, our findings provide evidence 
for the existence of ZIKV reinfection events.



Evidence of Zika Virus Reinfection

ZIKV phylogenetic studies have described the cir-
culation of 2 distinct African and Asian lineages (8). The 
initial genetic analysis of the first ZIKV isolates from Bra-
zil revealed the circulation of the Asian genotype dur-
ing the 2015–2016 epidemic (9). Asian-derived strains 
that currently circulate in the Americas are now named 
ZIKV American strains and are well known for their ca-
pacity to infect neuronal progenitor cells, disrupting cell 
development, proliferation, and differentiation (10,11). 
Because the genomic replication of ZIKV is based on an 
error-prone RNA-dependent RNA polymerase (RdRp), 
which leads to nucleotide misincorporation during viral 
replication, ZIKV infection behaves as viral populations 
composed of genetically related sequences, similar to 
other RNA virus infections. As the viral replication pro-
gresses in an infected person, mutations start to accu-
mulate, resulting in more heterogeneous viral genomic 
populations. Those viral population clouds are the 
foundation of the quasispecies theory, which posits that 
RNA viruses produce larger, highly variable population 
clouds that can evade the host immune system more ef-
ficiently (12). Furthermore, accumulating data show 
that viral cloud variability is able to interfere with dis-
ease progression (13,14). In this context, next-generation  
sequencing (NGS) provides a powerful tool to gain a 
deeper understanding of viral diversity by increasing 
the depth of sequencing coverage, defined as the num-
ber of reads for a given nucleotide). Therefore, the as-
sessment of viral diversity is key to better understand 
virulence, evolution, and host-specific adaptations pro-
viding a direct translational information to mitigate ef-
fects of viral pathogens.

In this study, we deployed an NGS protocol to gain 
insight into the genetic diversity of ZIKV in naturally in-
fected patients. Specifically, we used a previously estab-
lished cohort study conducted in northern Brazil to as-
sess virus diversity from patients with prolonged ZIKV 
infection (15–17). Since 2016, we have observed limited 
virus diversity and decreasing ZIKV transmission over 
the years, which was likely because of population im-
munity elicited during the first outbreak waves. We also 
found that virus diversity was limited in longitudinally 
sequenced samples from persons persistently infected 
with ZIKV, indicating restrained evolutionary rates and 
selection pressures acting on RNA arthropod-borne vi-
ruses; our results were consistent with previously pub-
lished findings (18,19). However, we also detected the 
existence of divergent genomes within the same patient 
in a small number of samples analyzed; those partici-
pants responded to infection with alterations in neutral-
izing antibodies levels concomitantly with ZIKV rede-
tection by real-time RT-PCR (rRT-PCR) several months 
after the initial virus exposure.

The study protocol and procedures have been re-
viewed and approved by the World Health Organiza-
tion Research Ethics Review Committee (protocol ID: 
ERC.0002786); Brazilian National Research Ethics Com-
mission (CAAE: 62.518.016.6.1001.0008); Institutional 
Ethics and Research Committee of the Evandro Cha-
gas National Institute of Infectious Diseases, Fiocruz, 
Rio de Janeiro (CAAE: 62.518.016.6.2002.5262); Insti-
tutional Ethics and Research Committee of the Aggeu 
Magalhães Research Center, Fiocruz, Recife (CAAE: 
62.518.016.6.2001.5190) and Institutional Ethics and Re-
search Committee of the Tropical Medicine Foundation, 
Manaus, Amazonas (CAAE: 62.518.016.6.2003.0005).

Methods

Study Participants and Specimen Collection
Participants comprised men and women >18 years of 
age with a confirmed diagnosis of ZIKV infection by 
RT-PCR, as described previously (15,16,20). Partici-
pants were persons with symptomatic cases diagnosed 
at the study collaborating clinics (index case-patients) 
and their asymptomatic or symptomatic household 
and sexual contacts. After ZIKV infection confirmation 
performed 48 hours after study recruitment, we col-
lected other specimens at established intervals, or vis-
its (Table 1), and routinely tested for molecular screen-
ing using a multiplex rRT-PCR assay to detect ZIKV, 
dengue virus, and chikungunya virus.

NGS and Analysis
We processed all specimens with a positive ZIKV 
rRT-PCR result, defined as a cycle threshold (Ct) val-
ue <38, using a previously established NGS protocol 
(21). For this study, we processed plasma, urine, and 
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Table 1. Study visits and sample collection for participants in 
study of Zika virus reinfection, Brazil 
Visit no. Days after rash, range* 
V0 –7 to 0  
V1 0–2  
V2 3–4  
V3 5–8  
V4 9–10  
V5 11–20  
V6 21–30  
V7 31–60  
V8 61–90  
V9 91–120  
V10 121–150  
V11 151–180  
V12 181–210  
V13 211–240  
V14 241–270  
V15 271–300  
V16 301–330  
V17  331–360  
*As reported by study participants. 
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semen samples (semen is more frequently associated 
with persistence). For sequencing, we first obtained 
a complementary DNA employing the ProtoScript 
II Reverse transcription kit (New England Biolabs, 
https://www.neb.com) and a set of random prim-
ers (random sequence [d(N)6]). We obtained whole-
genome amplicons from a multiplex PCR reaction 
using a set of ZIKV designed primers, as described 
by Quick et al. (21); we purified amplicons using the 
Q5 High-Fidelity DNA Polymerase kit (New England 
Biolabs) and performed library preparation with the 
Nextera XT Library Prep kit (Illumina, https://www.
illumina.com) using 2 ng of DNA. We sequenced the 
obtained libraries using the MiSeq Reagent kit ver-
sion 3 (Illumina) on an Illumina MiSeq. We processed 
raw fastq data to generate consensus files (base calls 
only at regions with >5×) and to call SNVs and iSNVs 
(only regions with a coverage depth of >100×) using 
ViralFlow version 0.0.6 (22) and a reference ZIKV ge-
nome (GenBank accession no. KX197192.1).

Phylogenetic and Bayesian Analysis
The new genomic sequences reported in this study were 
initially submitted to a genotyping analysis using the 
ZIKV typing tool (http://genomedetective.com/app/
typingtool/zika). We aligned genomic data generated 
in this study (238 genomes with coverage breadth >70 
and average coverage depth of 100×) with a world-
wide dataset of ZIKV genome sequences (n = 840 for all 
known ZIKV genotypes and n = 481 for ZIKV American 
strains). We aligned sequences using MAFFT (https://
mafft.cbrc.jp/alignment/software) and inferred a pre-
liminary maximum-likelihood tree using IQ-TREE 
version 2 (http://www.iqtree.org). Before conducting 
temporal analysis, we assessed our dataset for molecu-
lar clock signal in TempEst version 1.5.3 (http://tree.
bio.ed.ac.uk/software/tempest) after removing any 
potential outliers that might violate the molecular clock 
assumption. To estimate a time-calibrated phylogeny, 
we used the Bayesian software package BEAST version 
1.10.4 (https://beast.community) with the Bayesian 
skyline tree prior with an uncorrelated relaxed clock and 
the lognormal distribution. We ran analyses in duplicate 
in BEAST for 100 million Markov chain Monte Carlo 
(MCMC) steps, sampling parameters, and trees every 
10,000th step. We checked convergence of MCMC chains 
using Tracer version 1.7.1 (https://beast.community/ 
tracer). We summarized maximum clade credibility 
trees using TreeAnnotator (https://beast.community/ 
treeannotator) after discarding 10% as burn-in. We 
submitted the genomes from this study to the Ge-
nome Detective for the analysis of the mutational pat-
tern profile using the annotated genome aligner AGA  

(https://www.genomedetective.com/app/aga).  
We plotted results in R Studio version 4.2.1 (https://
posit.co) using the Lollipop plot.

ZIKV Neutralization Assays
We measured ZIKV neutralizing antibody titers by a 
high-throughput ZIKV 50% microneutralization assay 
(MN50), using a wild-type live virus as described previ-
ously (22). We defined seropositivity as a titer >1:10.

Results

Cohort Definition and Sample Assessment for NGS
During June 2017–June 2019, our study recruited a to-
tal of 255 persons with ZIKV-confirmed infection in 
Manaus, Brazil. Among the participants, 99% were en-
rolled within 1 week after the onset of illness. For this 
study, genomic analysis included 135 persons with con-
firmed ZIKV infection experiencing rash, itching, fever, 
and arthralgia; mean age was 38.27 (+12.97) years (Table 
2). Of those 135 persons, 56 participants had >1 sample 
available, defined as a different specimen at the same 
visit (5/135) or any specimen at a different study visit 
(51/135). We sequenced those samples, which yielded 
a total of 238 ZIKV genomes with a median genome 
coverage breadth of 90%. Most of these genomes were 
obtained from plasma and urine samples; a minor pro-
portion (n = 20) were obtained from semen specimens.

Phylogenetic Characterization
Initially, our objective was to thoroughly characterize 
ZIKV circulating from northern Brazil. We observed 
that all ZIKV strains circulating in Manaus since the 
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Table 2. Characteristics of participants included in study of 
genomic analysis of Zika virus reinfection, Brazil 

Characteristics at enrollment 
No. (%) participants, 

n = 135 
Age group, y  
 18–30 45 (33.2) 
 31–60 84 (62.2) 
 >60 6 (4.4) 
Sex  
 M 45 (33.3) 
 F 90 (66.7) 
Days after symptom onset*   
 0–2 44 (32.6) 
 3–5 68 (50.4) 
 6–8 22 (16.3) 
 9–11 1 (0.7) 
Clinical signs*  
 Macular or papular rash 133 (98.5) 
 Itching 126 (93.3) 
 Fever 116 (85.9) 
 Arthralgia 108 (80) 
 Nonpurulent conjunctivitis 100 (74.1) 
 Periarticular edema 92 (68.1) 
*Reported at screening visit, which did not require enrollment. 
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beginning of the outbreak, including our newly gen-
erated genomes, grouped together in a unique clade 
within the ZIKV Asian lineage (Appendix 1 Figure 1, 
https://wwwnc.cdc.gov/EID/article/30/2/23-0122-
App1.pdf). In addition, our maximum clade credibility 
(MCC) tree clustered our generated ZIKV genomes to-
gether with viral strains previously isolated in north-
ern Brazil (Figure 1, panel A). From this analysis, we 
estimated the time of the most recent common ances-
tor (tMRCA) occurred in late March 2014 (95% highest 
posterior density range January–August 2014) (Figure 
1, panel B). We also explored the collective mutational 
pattern found in the consensus genomes obtained in 
this study. Most of the mutations were observed in 
nonstructural protein (NS) 1 protein (5 in total) and 
NS5, which also has 5 mutations, although with a low-
er frequency than NS1 (Figure 2). 

Next, we searched for the total number of ZIKV 
cases reported in Manaus from DATASUS (https://

datasus.saude.gov.br/informacoes-de-saude-tabnet), 
the national health information system that compiles 
clinical and laboratory-confirmed cases across all the 
states of Brazil. Our analysis revealed that the initial 
occurrence of ZIKV cases in Manaus dates to 2016, a 
significant surge of 6,033 cases that marked the peak 
of the ZIKV epidemic in northern Brazil. However, af-
ter the initial surge in 2016, subsequent waves experi-
enced a significant decrease in the overall number of 
reported ZIKV cases. That downward trend persisted 
and reached a notable low point in 2019, when only 126 
cases were documented (Figure 3). We concluded that 
the ZIKV circulating strains in northern Brazil exhibited 
stability over time, undergoing minimal mutations, con-
tributing to the decline of the epidemic.

ZIKV Within-Host Genetic Diversity
We followed our study protocol, specifically designed 
to investigate the persistence of ZIKV in body fluids, 
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Figure 1. Genomic 
epidemiology of Zika virus 
strains obtained from study 
participants in northern Brazil 
and reference sequences. 
A) Time-scaled maximum 
clade credibility tree of Zika 
virus Asian lineage in Brazil, 
including the 238 new genomes 
generated in this study (dark 
blue) plus 481 reference 
strains sampled worldwide. 
Tips are colored according to 
the sample source location. 
Values at nodes represent 
posterior probability support of 
the tree nodes inferred under 
Bayesian evolutionary analysis 
using a relaxed molecular 
clock approach. B) Root-to-
tip regression of sequence 
sampling date against genetic 
divergence from the root of the 
outbreak clade. 
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to assess virus diversity among persons who remained 
persistently infected. Although there is no consensus in 
the literature, we defined ZIKV persistence as any par-
ticipant with ZIKV-positive rRT-PCR detection within 
30 days after its initial ZIKV confirmation. By applying 
this criterion, we identified 10 patients who had >1 posi-
tive persistent sample from plasma, urine, or semen. 
Individual temporal phylogenetic analysis grouped 
those ZIKV-persistent genomes into 2 major clades. For 
5 of the patients, all their samples grouped into a single 
clade in the tree (Figure 4, panel A); those clusters indi-
cated limited viral diversity and maintenance of a single 
viral lineage through time in these persistently infected 
persons, independent of the type of specimen analyzed. 
Because ZIKV neutralizing antibodies (ZIKV-NAb) 
are highly protective and increasing titers from acute 
to convalescent phase are usually linked to viral clear-
ance, we then assessed the levels of ZIKV-NAb. Our 
results showed that almost all the 10 persistently ZIKV- 
infected participants responded with higher levels 
(>2,000) of ZIKV-NAb by 30 days after disease onset 
(Figure 4, panel B), indicating a strong neutralizing anti-
body response at the convalescent phase. Those results 
eliminated the possibility of a dysregulated immune re-
sponse as a cause of persistent ZIKV infections.

Our phylogenetic analysis also showed 5 partici-
pants with ZIKV genomes clustering in distinct clades 
or subclades in the tree (Figure 4, panel A; Figure 5; 
Appendix 1 Figure 2), which suggests the presence of 
divergent viral genomes within the same participant 
over time. Those participants had highly supported mi-
nor variants (approximate likelihood ratio test >70%)  
that were not consistently found among all samples 
from the same person and showed no consistent pattern 
of minor variant sites accumulation over time (Appen-
dix 2, https://wwwnc.cdc.gov/EID/article/30/2/ 
23-0122-App2.xlsx). We hypothesize that the presence 
of such temporally divergent ZIKV genomes in the 
same person suggests a reinfection event by a distinct 
ZIKV clade. Thus, to further assess whether those par-
ticipants were reinfected, we checked their rRT-PCR 
results. We observed that 1 participant (ID251064) had 
a continuous rRT-PCR–positive result up to 8 days 
after the initial ZIKV infection; viral RNA was not 
detected until study visit 8 (61–90 days after disease 
onset), when a ZIKV rRT-PCR result was again posi-
tive in plasma (Figure 6). Two participants (ID251069 
and ID151035) tested positive for ZIKV RNA in either 
plasma or urine for up to 21 days after ZIKV confirma-
tion. Those participants then remained ZIKV-negative 
for 10 months but returned to positivity at the last 
study visit, performed 311–360 days after disease onset 
(Figure 6). The rRT-PCR–positive samples indicating  
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Figure 2. Single-nucleotide variants per gene for Zika virus 
strains obtained from study participants in northern Brazil. Amino 
acid changes in the polyprotein are allocated along the genome. 
Only mutations that appear in >10% (lines) of sequences are 
shown. Env, envelope; Prop, propeptide; Memb, membrane; NS, 
nonstructural; UTR, untranslated region.



Evidence of Zika Virus Reinfection

reinfection exhibited the highest degree of divergence 
in terms of the ZIKV genome compared with the acute 
phase–sequenced samples obtained from the same 
participants (Figure 5). 

Because reports on the genomic characteristics of 
ZIKV isolates from 2017 onward in northern Brazil are 
lacking, we conducted a complementary analysis of our 
own dataset that revealed the presence of these exact 
genomes associated with reinfection within the popula-
tion. Of note, we observed the presence of these same 
genomes in multiple samples from our cohort (Appen-
dix 1 Figure 2), providing strong evidence that the virus-
es were circulating both temporally and geographically. 
Finally, to support the assumption of reinfection, we 
analyzed the levels of ZIKV-NAb at 7, 30, 180, and 360 
days after disease onset, assuming that antibody titers 
would vary among initial infection and reinfection, mir-
roring rRT-PCR results. We observed that all but 1 par-
ticipant (ID251069) responded with increased levels of 
ZIKV-NAb at the convalescent phase of the disease (30 
days after symptom onset) (Figure 7). At 180 days after 
onset we observed a decay in ZIKV-NAb levels at an in-
terval when the primary infection was already cleared. 
All 3 potentially reinfected participants (ID251069, 
ID151035, ID251064) responded with a second increase 
in the levels of ZIKV-NAb at the last interval analyzed 
(Figure 7), which was preceded by viral RNA redetec-
tion in plasma or urine specimens. We also discarded 
other arbovirus infections as an inducer of ZIKV-NAb 
response because our study protocol was based on a 
validated multiplex rRT-PCR and none of the partici-
pants tested positive for either dengue or chikungu-
nya virus. Other well-known circulating arboviruses in 
northern Brazil are Oropouche virus (OROV) (23) and 
yellow fever virus (YFV) (24). To date, no documented 
reports have indicated that OROV is capable of eliciting 

a ZIKV-specific antibody response. Furthermore, most 
study participants had prior YFV vaccination, so it is un-
likely that they had become infected; thus, we have ef-
fectively ruled out YFV as a potential confounding fac-
tor in relation to the antibody response associated with 
ZIKV reinfection. Of note, none of the 3 potential rein-
fection cases reported symptoms typically associated 
with ZIKV infection, as confirmed through a compre-
hensive anamnesis conducted during each study visit at 
our study clinic. Collectively, our data strongly support 
the occurrence of reinfection events in at least 3 healthy 
persons residing in a ZIKV-endemic area in Brazil.

Discussion
Given the number of ZIKV cases registered at the 
peak of the 2016 epidemic in the northern and other 
regions of Brazil (5), added to the risk for new out-
breaks, it is critical to study ZIKV evolution and its 
potential for adaptation to vertebrate hosts. More-
over, virus persistence may exert high evolutive 
pressures that contribute to virus evolution and 
transmission. In our study, we showed that the ob-
tained ZIKV genomes clustered together with other 
ZIKV Asian strains previously isolated from north-
ern Brazil, suggesting that this strain persisted locally 
through natural transmission and was kept circulat-
ing among humans until August 2019 or later. We 
also found that the temporal circulation of ZIKV in 
Manaus started a descending curve, supported by a 
decreasing number of cases registered after the peak 
of the epidemic in 2016. Thus, based on a seropreva-
lence study from northeastern Brazil showing that 
the ZIKV antibody prevalence reached a peak of 
63% from 2015 to 2016 (25), in addition to other stud-
ies showing a high ( >60%) seroprevalence of ZIKV 
antibodies in the general population (26–28), we  
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Figure 3. Notified Zika virus 
cases per week in Manaus 
municipality, Brazil, 2016–2019, 
from the Brazilian Ministry of 
Health. Shading reflects each 
epidemic year. Data source: 
https://datasus.saude.gov.br/
informacoes-de-saude-tabnet. 
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hypothesize that, within a single year, community 
immunity was enough to constrain virus circulation. 
In fact, our findings are consistent with a lower repro-
duction number (R0) since late 2016 in Salvador (25), 
corroborating mathematical modeling studies show-
ing that ZIKV epidemics would be over in 3 years 
from its introduction in 2016 (29).

Long-term cohort studies can provide longitudi-
nal data on individual virus diversity, virus evolution, 
clinical symptoms, and immunological outcomes, 
and so are crucial to better understanding ZIKV natu-
ral history. We found evidence of limited virus diver-
sity over time from persistently ZIKV-infected per-
sons, a feature that has also been observed by other  

independent studies (18,19). Thus, we can suggest that 
the evolutionary rates and selection pressures acting 
on ZIKV are moderate, affecting virus evolution and 
adaptation to local populations. In fact, similar to a 
previous report (30), we estimated the ZIKV whole-
genome evolutionary rate at around 1.18 × 10−3 sub-
stitutions/site/year. Arboviruses primarily spread 
through horizontal transmission between arthropod 
vectors and vertebrate hosts. As a result, virus evolu-
tion is restricted by the need for optimal replication 
in one host, which may compromise their adaptation 
in the other (31), contributing to the short-term and 
long-term reduced number of adaptative mutations 
observed. In addition, various factors, including the 
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Figure 4. Phylogenetic analysis of study participants persistently infected with Zika virus, Brazil. A) Maximum-likelihood phylogenetic 
tree of persistent samples. The phylogenetic tree shows all 10 participants with confirmed persistent infection. Boldface indicates 
participant identification numbers; visit numbers (V) are indicated. Multiple identification numbers represent multiple genomes obtained 
from the same participant at different time points. Scale bar indicates number of nucleotide substitutions per site. Numbers on the 
branches indicate Shimodaira–Hasegawa approximate likelihood ratio test after 1,000 replicates. B) Neutralizing antibody titers from 
acute and convalescent samples, as analyzed from persistently infected participants. MN50, 50% microneutralization.
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short duration and low viremia observed in natural-
ly infected persons (32), contribute to limiting ZIKV 
diversity. Consequently, our findings indicate that 
ZIKV displayed a relatively stable genome evolution 
over time and did not undergo rapid changes or di-
versification during the epidemic in northern Brazil.

The most notable finding of our study is the 
identification of reinfection events, which is highly 
intriguing. Given that the ZIKV epidemic in Brazil 
originated from a single virus strain, and combined 
with the observation that the virus has remained rela-
tively stable over time, tracking reinfections becomes 
a challenging task. Complicating matters further, 
most infections are asymptomatic or cause only mild 
symptoms, such as fever, rash, and itching (33). As a 
result, persons who have been potentially reinfected 
may have gone unnoticed, especially considering that 
mild symptoms often do not prompt persons to seek 
medical attention. Although reinfections are extreme-
ly difficult to confirm when there are only very simi-
lar phylogenetically strains causing an outbreak, we 
detected divergent viruses in ZIKV-infected persons 
who provided longitudinal samples, which suggests 
a subsequent and distinct infection event.

Monitoring community virus circulation plays a 
crucial role in confirming infections within a popula-
tion. As extensively explored for several other viruses 
(34), mapping diversity in a community can provide 
valuable information for confirming infection cases 
and understanding the dynamics of an outbreak. 
Thus, by sequencing viral genomes, it is possible to 
identify an specific strain or variant of the virus pres-
ent in an individual or a community (35). Despite 
detecting the presence of these same reinfection- 
associated ZIKV genomes in other participants of our 
cohort, temporally and geographically confirming the 
circulation of these genomes in that population, there 
is a notable absence of independent studies validating 
the presence of these genomes at the time we detected 
potential reinfection cases. Most of the investigations 
from other groups were conducted during the early 
stages of the ZIKV outbreak; therefore, the literature 
lacks reports that describe the characteristics of the vi-
ruses circulating from late 2017 onward.

Confirmation of reinfection events based solely 
on molecular detection may introduce uncertainties 
because of the possibility of cross-contamination dur-
ing sample processing. To address this concern, we  
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Figure 5. Maximum-likelihood phylogenetic tree supporting Zika virus reinfection among study participants in northern Brazil. The 
tree shows the 5 participants with divergent samples in which coinfection by different ZIKV genomes was inferred by phylogenetic 
reconstruction. Divergent samples from the same participant were grouped separately in the tree. Boldface indicates participant 
identification numbers; visit numbers (V) are indicated. Scale bar indicates number of nucleotide substitutions per site. Numbers on the 
branches indicate Shimodaira–Hasegawa approximate likelihood ratio test after 1,000 replicates.
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conducted an assessment of ZIKV antibody response. 
By measuring the levels of ZIKV-NAb over time, we 
can add a deeper understanding of ZIKV infection dy-
namics, immune response effectiveness, and the poten-
tial for future reinfections (36). Here, we observed that 

3 persons responded with a second increase in ZIKV-
NAb levels, which was temporarily associated with 
rRT-PCR positivity at a late time point after the initial 
infection. We discarded other arbovirus infections as 
a cause of secondary ZIKV-NAb increase because all 
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Figure 6. Zika virus rRT-
PCR results from plasma, 
urine, and semen (when 
applicable) specimens 
supporting reinfection among 
female (A) and male (B) study 
participants in northern Brazil. 
Each square represents an 
analyzed specimen according 
to the schedule from study 
visits (Table 2). ID, participant 
identification; r-RT-PCR, real-
time reverse transcription 
PCR; V, visit number.

Figure 7. Zika virus neutralizing antibody 
titers from acute and convalescent 
serum samples supporting reinfection 
among 5 study participants in northern 
Brazil. A) Participant ID151006; B) 
participant ID151026; C) participant 
ID151035; D) participant ID251064; E) 
participant ID251069. Dotted lines and 
red numbers represent fold changes in 
titers as calculated from the 180-day and 
360-day intervals. MN50, 50% percent 
microneutralization assay.
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the participants from our cohort were tested in a mul-
tiplex rRT-PCR and none of them were positive for 
dengue or chikungunya virus. We also discarded YFV 
infection and YFV vaccination because our study par-
ticipants were previously vaccinated against YFV. We 
also assumed that these reinfection events were very 
mild, mostly manifesting as an asymptomatic disease, 
because no symptoms were reported.

Our findings hold significant implications for 
public health, epidemiology, clinical practice, and 
diagnostics. However, the frequency of reinfections 
during the latest ZIKV outbreaks remains uncertain. 
Our study emphasizes the critical role of ongoing ge-
nomic surveillance in viral infections to enhance pub-
lic health interventions. Therefore, we underscore the 
necessity of implementing continuous surveillance 
strategies, which are vital for monitoring the evolu-
tionary changes of viruses over time and gaining a 
comprehensive understanding of arbovirus diversity.
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On July 23, 2022, the World Health Organization 
declared the global mpox outbreak to be a public 

health emergency of international concern (https://
www.who.int/europe/news/item/23-07-2022-who-
director-general-declares-the-ongoing-monkeypox-
outbreak-a-public-health-event-of-international-con-
cern). No specific treatment is currently approved for 
mpox. Vaccines such as JYNNEOS (Bavarian Nordic, 
https://www.bavarian-nordic.com) and ACAM2000 
(Emergent BioSolutions Inc., https://www.emergent 
biosolutions.com) are available for preexposure pro-
tection from mpox (1), and tecovirimat can be used 
for patients who are at risk for severe disease (2). 

Vaccinia virus Tiantan strain (VTT) was histori-
cally used for vaccines in the smallpox virus eradi-
cation campaign in China. Given the high level of 
sequence homology among their surface proteins, 

smallpox vaccination provided ≈85% protection 
against mpox (3). Because the World Health Orga-
nization declared that smallpox had been eradicated 
and routine use of vaccinia vaccine was terminated 
in most countries by 1980–1981, most persons born 
after 1980 do not have vaccinia virus–elicited im-
munity. Vaccinia-derived protection wanes in the 
vaccinated population over time, which may lead 
to an increase in susceptibility to monkeypox virus 
(MPXV) infection because of cross-immunity be-
tween the 2 viruses. 

After the first mpox case imported from Eu-
rope to mainland China on September 14, 2022 (4), 
investigation of the level of residual VTT-specific 
immunity in the population of China became press-
ing, as researchers assessed susceptibility to mpox 
and guided development of appropriate protective 
strategies. Different patterns of residual immunity 
against vaccinia suggest different strategies in re-
sponding to mpox transmission. However, levels of 
residual immunity to poxviruses in the population 
in China are not well assessed. We measured VTT-
specific humoral and cellular immune responses 
in a diverse population born during 1930–2008  
in China.
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Among persons born in China before 1980 and tested 
for vaccinia virus Tiantan strain (VVT), 28.7% (137/478) 
had neutralizing antibodies, 71.4% (25/35) had memory 
B-cell responses, and 65.7% (23/35) had memory T-cell 
responses to VVT. Because of cross-immunity between 
the viruses, these findings can help guide mpox vaccina-
tion strategies in China.
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The Study
In this cross-sectional cohort study, we collected 
blood specimens from 1,070 healthy donors who 
lived in Beijing, Shanxi Province, Heilongjiang Prov-
ince, Hubei Province, or Shenzhen during regular 
health check-ups. Among the participants (Table 1), 
478 were born during 1930–1979 and 592 were born 
during 1980–2008; ages ranged from 1 month to 90 
years. The study was approved by the institutional 
review boards of the Chinese Academy of Medical 
Sciences’ Institute of Pathogen Biology (approval no. 
2013-IPB-03, IPB-2021-15).

We tested serum samples from all participants to 
determine IgG titers against VTT by using ELISA. We 
performed a Gaussia luciferase-based vaccinia neu-
tralization assay to determine the presence of neutral-
izing antibodies (NAbs). We performed memory B-
cell and memory T-cell enzyme-linked immunospot 
(ELISpot) assays (Charles River Laboratories, https://
www.criver.com) by using cryopreserved peripheral 
blood mononuclear cells (PBMCs). Because of insuf-
ficient PBMC samples, we evaluated memory B- and 
T-cell responses in a subgroup of the enrolled partici-
pants (Appendix Figure 1, https://wwwnc.cdc.gov/
EID/article/30/2/23-0542-App1.pdf).

Overall VTT seropositivity was 50.2% (240/478) 
in participants born before 1980. Persons born dur-
ing 1970–1979 had the lowest seropositivity, 29.9% 
(29/97), compared with 61.3% (65/106 [p<0.0001]) 
among persons born during 1930–1939, 57.7% 
(60/104 [p<0.0001]) among persons born during 
1940–1949, 50.0% (38/76 [p = 0.0042]) among persons 

born during 1950–1959, 50.5% (48/95 [p = 0.0018]) 
among persons born during 1960–1969. By compari-
son, ≈4.8% (4/84) participants born during 1980–1989 
had VTT-specific IgG, and VTT-specific IgG was not 
detectable in persons born after 1990 (Figure 1, panel 
A). The VTT-specific IgG titers were not significantly 
different among participants born during 1930–1939, 
1940–1949, 1950–1959, and 1960–1969 (p = 0.11), but 
all were higher than in persons born during 1970–
1979 (Appendix Figure 2, panel A).

We examined distribution of NAb levels in rela-
tion to year of birth (Table 2; Figure 1, panel B). Of 
the 478 serum samples from persons born before 
1980, most (341 [71.3%]) had an NAb titer of <1/4. 
Of the remaining samples, NAb titers were 1/4 for 
62 (13.0%), 1/8 for 51 (10.7%), 1/16 for 15 (3.1%), and 
1/32 for 9 (1.9%), suggesting the lack or low titers 
of NAb against VTT. VTT NAbs were detectable in 
35.8% (38/106) of persons born during 1930–1939, 
33.7% (35/104) born during 1940 –1949, 22.4% (17/76) 
born during 1950–1959, 28.4% (27/95) born during 
1960–1969, and 20.6% (20/97) born during 1970–1979 
but were detectable in only 3.6% (3/84) born dur-
ing 1980–1989 (>1/4) (Appendix Figure 2, panel B). 
We observed a significant correlation between NAb 
and IgG titers in persons born before 1990 (Spearman 
r = 0.54; p<0.0001) (Appendix Figure 2, panel C).

We measured VTT-specific memory B-cell re-
sponses in 45 participants whose PBMCs were isolat-
ed successfully (Appendix Figure 3). Approximately 
71.4% (25/35) of persons born before 1980 showed 
VTT-specific memory B-cell responses; positivity 
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Table 1. Characteristics of 1,070 participants in a cross-sectional cohort study to determine IgG titers against vaccinia virus Tiantan 
strain, China* 

Characteristic 
Decade of birth, no. (%) 

1930–1939 1940–1949 1950–1959 1960–1969 1970–1979 1980–1989 1990–2008 Total 
Overall 106 (9.91) 104 (9.72) 76 (7.10) 95 (8.88) 97 (9.07) 84 (7.85) 508 (47.48) 1,070 (100) 
Sex         

 M 63 (5.89) 61 (5.70) 39 (3.64) 53 (4.95) 40 (3.74) 42 (3.93) 285 (26.64) 583 (54.49) 
 F 43 (4.02) 43 (4.02) 37 (3.46) 42 (3.93) 57 (5.33) 42 (3.93) 223 (20.84) 487 (45.51) 
*Participants lived in Beijing, Shanxi Province, Heilongjiang Province, Hubei Province, or Shenzhen.. 
 

Figure 1. Serum IgG and 
neutralizing antibody responses 
against vaccinia virus Tiantan 
strain (VTT) among 1,070 
participants in a cross-sectional 
cohort study, China. A) 
Seropositivity of VTT-specific 
IgG by birth cohort in 1,070 
persons born during 1930–2008, 
conducted with χ2 or Fisher 
exact test as appropriate. B) 
Prevalence of neutralizing 
antibody by birth cohort in 562 
persons born before 1990.
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across the 4 birth decades was 80% (4/5) for 1940–
1949, 70% (7/10) for 1950–1959, 80% (8/10) for 1960–
1969, and 60% (6/10) for 1970–1979. PBMCs of all  
persons born after 1980 were negative for VTT-specif-
ic memory B-cells (Figure 2, panel A). We observed no 
significant correlations between VTT-specific memory  
B-cell magnitude and VTT IgG (Appendix Figure 4, 
panel A) or NAb (Appendix Figure 4, panel B) titers.

We further evaluated interferon-γ (IFN-γ) 
responses to VTT in the same 45 participants (Appen-
dix Figure 5). We detected VTT-specific memory T-
cell responses in 65.7% (23/35) of persons across the 4 
birth decades, distributed as 80% (4/5) for 1940–1949, 
50% (5/10) for 1950–1959, 70% (7/10) for 1960–1969, 
and 70% (7/10) for 1970–1979. In contrast, T-cell IFN-γ 
responses were below the detection limit in the 10 per-
sons born after 1980 (Figure 2, panel B). We observed 
no correlations between the magnitude of VTT-specific 
memory T-cell responses and IgG (Appendix Figure 6, 
panel A) or NAb (Appendix Figure 6, panel B) titers. 

As a control, we tested for influenza virus and 
Epstein Barr virus–specific memory T-cell responses, 
which we detected in persons born during 1940–2008 
(Appendix Figure 7, panel A). Among the 35 per-
sons born before 1980 and found to be positive for 
specific cellular immune responses, 28 (80%) had no 
detectable NAb (<1/4). However, 67.9% (19/28) per-
sons showed IFN-γ responses in the ELISpot assay 
(Appendix Figure 7, panel B).

Conclusions
We evaluated residual VTT immunity in the popu-
lation of China across >5 birth decades. Our and 
other studies suggest that antibody responses 
against vaccinia virus after vaccination can be 
long-lived (5–7). We observed a low prevalence 
(28.7% [137/478]) of NAb against VTT in persons 
born before 1980, which is consistent with a previ-
ous study in the population of China (8). Our data 
demonstrate that 71.4% of the 35 tested participants 
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Table 2. Neutralizing antibody titers against vaccinia virus Tiantan strain in persons born during 1930–1979, by birth cohort, China* 

Decade of birth 
Neutralizing antibody titers, no. (%) 

<1/4 1/4 1/8 1/16 >1/32 
1930–1939, n = 106 68 (64.2) 18 (17.0) 14 (13.2) 3 (2.8) 3 (2.8) 
1940–1949, n = 104 69 (66.3) 12(11.5) 17 (16.3) 5 (4.8) 1 (0.96) 
1950–1959, n = 76 59 (77.6) 12 (15.8) 5 (6.6) 0 (0) 0 (0) 
1960–1969, n = 95 68 (71.6) 13 (13.7) 10 (10.5) 2 (2.1) 2 (2.1) 
1970–1979, n = 97 77 (79.4) 7 (7.2) 5 (5.2) 5 (5.2) 3 (3.1) 
Overall, N = 478 341 (71.3) 62 (13.0) 51 (10.7) 15 (3.1) 9 (1.9) 
*Participants lived in Beijing, Shanxi Province, Heilongjiang Province, Hubei Province, or Shenzhen. 

 

Figure 2. Vaccinia virus–specific 
memory B- and T-cell responses 
among 45 participants in a 
cross-sectional cohort study 
to determine IgG titers against 
vaccinia virus Tiantan strain 
(VTT), China. A) Magnitude 
of memory B-cell responses 
against VTT for each person. B) 
Magnitude of interferon-γ T-cell 
responses against VTT for each 
person. Dotted lines indicate 
detection limit of assay. PBMC, 
peripheral blood mononuclear 
cells; SFU, spot-forming units.
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born before 1980 had VTT-specific memory B-cell 
responses. Those memory B-cells can still rapidly 
differentiate into plasma cells and produce protec-
tive antibodies upon reinfection (9).

Smallpox vaccine–induced antibodies may pro-
tect against MPXV (10). Approximately 65.7% of 
the 35 participants born before 1980 that we tested 
had VTT-specific T-cell responses, which is con-
sistent with previous reports that T-cell respons-
es against vaccinia virus were maintained up to  
51–75 years postimmunization and had a half-life 
of 8–15 years (5,7).

One limitation of our study is that it is a cross-
sectional study. In addition, no information regard-
ing smallpox vaccination or smallpox infection was 
available for the persons enrolled. Moreover, a small 
number of samples were tested for T- and B-memory 
cell responses.

In summary, we evaluated residual immune re-
sponses to VTT in the population of China and found 
that >65% of 35 tested persons born before 1980 
showed memory B- and T-cell responses. However, 
the prevalence and NAb titers against VTT were low 
in this population. To protect the population from 
infection by MPXV and any other related pathogenic 
orthopoxviruses, safe and effective vaccines will be 
needed for all age groups.
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Hong Kong controlled the spread of COVID-19 
caused by the SARS-CoV-2 Delta variant with 

stringent border control, effective contact tracing, 
and social distancing measures; only a small num-
ber of local SARS-CoV-2 infections had been report-
ed in the 4 months before the Omicron variant ap-
peared in late December 2021 (1). During the almost 
2 years of pandemic before the Omicron outbreak, 
only ≈0.16% of the 7.5 million persons in Hong Kong 
were confirmed to be infected with SARS-CoV-2, 
among whom 200 persons died. An earlier investi-
gation estimated that >99.5% of the population (>7 
million persons) were naive to SARS-CoV-2 after the 
first 3 waves of community transmissions arising 
from imported cases (2). 

However, after the advent of the Omicron out-
break in Hong Kong, COVID-19 became uncon-
trolled in early 2022. The huge upsurge in cases, 
including daily COVID-19 death rates among the 
highest recorded globally, overwhelmed hospitals 
and led to an extreme shortage in critical care facili-
ties (3). To maintain comprehensive disease surveil-
lance, the government launched an online system 
for persons to self-report positive cases identified by 
self-administrated rapid antigen tests (RAT); RAT 
results were included in official surveillance reports 
beginning February 26, 2022 (4). Although report-
ing positive self-test results was compulsory in ac-
cordance with a local disease prevention and control 
ordinance, a large number of infections likely went 
untested and unreported because of a high propor-
tion of asymptomatic or mild cases. 

Few empirical investigations have assessed the 
actual number of unrecognized infections during the 
Omicron epidemic, and estimates were mainly gen-
erated by modeling studies based on limited data. 
In previous studies, presence of open reading frame 
(ORF) 8 protein antibodies in blood samples was re-
ported as a reliable serologic marker of natural SARS-
CoV-2 infection (5,6). Given that ORF8 proteins are 
expressed only during the SARS-CoV-2 replication 
cycle, serologic testing for antibodies is able to deter-
mine whether a patient had been previously infected. 

In this study, we used the seroprevalence of 
ORF8 antigen antibodies to infer the actual number of 
unrecognized infections in an infection-naive popula-
tion during the Omicron outbreak in Hong Kong. Our 
study was approved by the Joint Chinese University 
of Hong Kong/New Territories East Cluster Clini-
cal Research Ethics Committee (ref no. 2020.229). All 
participants who completed interview questionnaires 
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We tested seroprevalence of open reading frame 8 anti-
gens to infer the number of unrecognized SARS-CoV-2 
Omicron infections in Hong Kong during 2022. We  
estimate 33.6% of the population was infected, 72.1% 
asymptomatically. Surveillance and control activities dur-
ing large-scale outbreaks should account for potentially 
substantial undercounts. 
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or provided blood samples for this study signed in-
formed consent forms. 

The Study 
We obtained plasma samples from 1,028 volunteers 
>18 years of age during March 1–June 29, 2022, in 
the course of the Omicron BA.2 epidemic wave. All 
participants reported that, before the sampling date, 
they had never tested positive for COVID-19 by re-
verse transcription PCR test or RAT. We tested plas-
ma samples using ELISA with ORF8 protein as an 
antigen for detection (Appendix, https://wwwnc. 
cdc.gov/EID/article/30/2/23-1332-App1.pdf). We 
obtained daily numbers of reported cases confirmed 
by PCR or RAT from the Hong Kong Department 
of Health. On the basis of the rates of ORF8 ELISA–
positive test results relative to the number of re-
ported cases at different time points, we estimated 
the true daily numbers of SARS-CoV-2 infections 
and infection attack rates by fitting a multinomial-
distribution model, accounting for sensitivity and 
specificity of RAT and PCR tests. We assumed an 
initial infection attack rate of 0.2% before 2022, given 
Hong Kong’s stringent infection control measures 
before the Omicron outbreak (2,7). We also recon-
structed the time-varying reproduction number by 
renewal equation (8). We used Markov chain Monte 
Carlo method to estimate the posterior distributions 
of model parameters, summarized by medians with 
95% credible intervals (CrIs) (Appendix). 

Of the 1,028 self-reported uninfected persons in 
our study, 371 (36.1%) were male and 657 (63.9%) 
female, and median age was 50 (range 18–88) years; 
1,027 reported having received >2 doses of CO-
VID-19 vaccines. Overall positivity rate of ORF8 
ELISA testing among our cohort was 2.5% (26 posi-
tive/1,028 tested). We found positivity rates were 

unlikely to vary on the basis of sex, age, or calendar 
date among self-reported uninfected persons in our 
cohort (Table). 

Among the total population in Hong Kong, 16.2% 
were reported to have tested positive by RAT (6.1%) 
or reverse transcription PCR (10.1%). On the basis of 
estimates from our statistical model (Appendix), we 
inferred that 33.6% (95% CrI 32.1%–34.8%) of the 7.5 
million persons in Hong Kong were infected during 
January 1–June 20, 2022 (Figure, panels A, B), cor-
responding to ≈2.5 million persons. We calculated 
percentages of asymptomatic cases of 41.8% among 
reported SARS-CoV-2 infections and 72.1% (95% CrI 
70.8%–73.0%) among total (reported and unreported) 
infections. Reproduction numbers obviously dropped 
after positive RAT result reporting was implemented 
in Hong Kong on February 26, 2022 (Figure, panel C), 
consistent with findings about changes in transmis-
sion dynamics reported elsewhere (9). 

Conclusions 
Using the seroprevalence of ORF8 antigens, we in-
ferred that 16.2% of 33.6% (≈1/2) SARS-CoV-2 infec-
tions during the Omicron epidemic in Hong Kong 
were unrecognized, despite RATs being widely dis-
seminated and reporting of positive results made 
locally compulsory. Our estimates of asymptomatic 
proportions were generally higher than estimates 
previously reported for earlier variants (10). With 
such a large number of unrecognized cases circulat-
ing the virus in the community, it was not surpris-
ing that the Omicron outbreak was uncontrollable, 
even though stringent measures, such as contact 
tracing and quarantine for close contacts, continued 
to be in effect. Our study findings highlight the use-
fulness of testing for ORF8 seroprevalence among  
efforts to monitor COVID-19 outbreaks, especially for  

 
Table. Summary of testing status of SARS-CoV-2 ORF8 ELISA among 1,028 self-claimed uninfected persons, China, 2022* 

Stratification 
ORF8 test, no. ( %) 

Positivity rate, % p value† Positive  Negative  
Overall 26 (100) 1,002 (100) 2.5 NA 
Sex 
 F 12 (46.2) 645 (64.4) 1.8 0.062 
 M 14 (53.8) 357 (35.6) 3.8 
Age, y 
 <40 6 (23.1) 305 (30.4) 1.9 0.715 
 40–65 16 (61.5) 566 (56.5) 2.7 
 >65 4 (15.4) 131 (13.1) 3.0 
Test month  
 March 2 (7.7) 97 (9.7) 2.0 0.608 
 April 2 (7.7) 137 (13.7) 1.4 
 May 4 (15.4) 92 (9.2) 4.2 
 June 18 (69.2) 676 (67.5) 2.6 
*NA, not applicable; ORF, open reading frame. 
†By 2-sided Fisher exact test. 
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emerging new variants of concern. Public health 
agencies need to take into account the potential for 
substantial undercount of actual numbers of infec-
tions when considering the commitment of resources 
to prevent and control outbreaks. 
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EID Podcast A Worm’s Eye View
Seeing a several-centimeters-long worm traversing the conjunc-
tiva of an eye is often the moment when many people realize they 
are infected with Loa loa, commonly called the African eyeworm, 
a parasitic nematode that migrates throughout the subcutane-
ous and connective tissues of infected persons. Infection with 
this worm is called loiasis and is typically diagnosed either by the 
worm’s appearance in the eye or by a history of localized Calabar 
swellings, named for the coastal Nigerian town where that symp-
tom was initially observed among infected persons. Endemic to 
a large region of the western and central African rainforests, the 
Loa loa microfilariae are passed to humans primarily from bites 
by flies from two species of the genus Chrysops, C. silacea and  
C. dimidiate. The more than 29 million people who live in affected 
areas of Central and West Africa are potentially at risk of loiasis. 

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



The COVID-19 pandemic caused a substantial dis-
ruption of sexual health services (SHS) in England 

(including reduced testing), contributing to a 33.5% 
decrease in new sexually transmitted infection (STI) 
diagnoses in 2020 (n = 311,480) compared with 2019 
(n = 468,260) (1). In July 2021, all COVID-19 restric-
tions associated with the third and final lockdown 
in England were lifted (2), normal social mixing was 
permitted, and a rebound in SHS occurred; a 23.8% in-
crease in new STI diagnoses was observed in 2022 (n 
= 392,453) compared with those in 2021 (n = 317,022) 
(1). Of the most commonly diagnosed STIs, the largest 
proportional increase occurred for gonorrhea, caused 
by infection with Neisseria gonorrhoeae bacteria. The 
number of new gonorrhea diagnoses increased by 
50.3% in 2022 (n = 82,592) compared with 2021 (n = 
54,961) (1). We describe trends for gonorrhea testing 
and diagnosis in England after all COVID-19 control 
measures were lifted and explore how those differed 
among populations.

The Study
In England, all STI tests and diagnoses from SHS are 
captured by the Genitourinary Medicine Clinic Activ-
ity Dataset STI Surveillance System (3). We analyzed 
data on gonorrhea tests and diagnoses during Janu-
ary 1, 2019–December 31, 2022. To prevent double 
counting, we only counted 1 test or diagnosis per SHS 

user within a 42-day period. We examined quarterly 
trends, disaggregated by age group (15–24, 25–34, 
35–44, and >45 years of age), gender and sexual ori-
entation (gay, bisexual, and other men who have sex 
with men [MSM]; heterosexual men; women who 
have sex with men [WSM]; and women who only 
have sex with women), and local authority districts 
of residence. We did not include records with miss-
ing demographic data in their respective analysis. We 
analyzed data by using Stata version 16.1 software 
(StataCorp LLC, https://www.stata.com). No ethics 
approval was needed for this study because we used 
routine surveillance data.

After lifting of COVID-19–related restrictions, the 
number of gonorrhea tests increased by 5.6% from 
quarter (Q) 3 of 2021 (n = 483,717) to the end of Q4 
of 2022 (n = 510,792). Gonorrhea diagnoses increased 
by 63.8% (13,715 to 22,471) during the same period 
(Figure 1, panel A). The total number of gonorrhea 
diagnoses in 2022 was the highest on record, although 
testing remained just below 2019 levels. Test positiv-
ity increased to the highest point within the 4-year 
study period during 2022 Q4 (4.4%) from a low point 
in 2021 Q3 (2.8%) (Figure 1, panel B).

Increases in gonorrhea diagnoses began immedi-
ately after COVID-19–related restrictions were lifted 
and were most notable in young persons, 15–24 years 
of age, who saw a 141.3% increase (3,747 diagnoses in 
2021 Q3, 9,041 in 2022 Q4) (Figure 2, panel A); a 34.8% 
increase was observed for persons >25 years of age. 
Persons 19–20 years of age had the highest increase in 
diagnoses, 229.0% (930 in 2021 Q3, 3,060 in 2022 Q4). 
During the same period, testing remained relatively 
steady among young persons (1.5% increase). Over-
all, testing returned to or exceeded numbers from 
2019 in all age groups except the 15–24-year group 
(12.4% decrease from 2019 Q4 to 2022 Q4) (Figure 2, 
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After lifting of all COVID-19 preventive measures in 
England in July 2021, marked, widespread increases 
in gonorrhea diagnoses, but not testing numbers, were 
observed, particularly in persons 15–24 years of age. 
Continued close surveillance and public health messag-
ing to young persons are needed to control and prevent 
gonorrhea transmission.
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panel B). Test positivity increased >2-fold in persons 
15–24 years of age from 2021 Q3 (2.2%) to 2022 Q4 
(5.3%); positivity increased at a lower rate in older 
age groups.

Of all gender and sexual orientation groups, MSM 
had the largest numbers of gonorrhea diagnoses dur-
ing the 4-year study period. However, proportional-
ly, increases in gonorrhea diagnoses from 2021 Q3 to 
2022 Q4 were largest among WSM (104.7% increase; 
2,577 to 5,274) and heterosexual men (90.4%; 2,152 to 
4,097); diagnoses among MSM increased 39.7% (7,107 
to 9,932) (Table 1). Testing increased by 21.8% among 
MSM from 2019 Q4 to 2022 Q4; however, testing de-
creased by 20.3% for WSM and by 8.1% for hetero-
sexual men during the same period. Among persons 
15–24 years of age, the increase in gonorrhea diagno-
ses from 2021 Q3 to 2022 Q4 was greater among het-
erosexual persons (179.6%; 2,092 to 5,850) than among 
MSM (63.2%; 1,035 to 1,689). For persons >25 years 
of age, diagnoses increased similarly among hetero-
sexual persons (33.7%) and MSM (35.8%).

Gonorrhea diagnoses increased in all regions of 
England after COVID-19–related restrictions were  

removed, most notably in South West England 
(226.0% increase; 407 in 2021 Q3 to 1,327 in 2022 Q4) 
and North East England (194.0% increase; 285 in 2021 
Q3 to 838 in 2022 Q4). Most (91.3%) local authority 
districts showed an increase in diagnoses during this 
same period.

Conclusions
National surveillance data showed an increase in 
gonorrhea diagnoses in England after the cessation 
of social restrictions in summer 2021. Increases were 
observed among persons of all age groups, genders, 
and sexual orientations but particularly among per-
sons 15–24 years of age and those who identified  
as heterosexual.

Testing did not increase as markedly as diagno-
ses after the removal of COVID-19 lockdown restric-
tions, suggesting that a true increase in gonorrhea 
transmission existed within the population. Chang-
es in diagnosis numbers could potentially represent 
a delay in gonorrhea detection because of decreased 
testing during the lockdown periods; howev-
er, this difference is unlikely to be a main factor  
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Figure 1. Total number of 
gonorrhea diagnoses and tests 
and percent test positivity in 
study of rebound of gonorrhea 
after lifting of COVID-19 
preventive measures in England, 
January 1, 2019–December 
31, 2022. A) Total number of 
diagnoses and tests. Bars 
indicate the total number of 
gonorrhea diagnoses; purple 
line indicates the total number 
of gonorrhea tests. B) Percent 
positivity of gonorrhea tests. Q, 
quarter. Scales for the y-axes 
differ substantially to underscore 
patterns but do not permit direct 
comparisons.



Gonorrhea after COVID-19 Measures, England

for the observed increase in diagnoses because the 
largest increases in testing primarily occurred be-
fore all lockdown restrictions were removed (i.e., 
from 2020 Q2 to Q3 and 2021 Q1 to Q3; Figure 1, 

panel A). Furthermore, 18 months after lockdowns 
ended, increases in gonorrhea diagnoses continued 
to outpace increases in testing, corresponding to 
increasing test positivity. In addition, gonorrhea 
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Table. Numbers of persons with gonorrhea diagnoses who attended sexual health services according to gender and sexual orientation 
in study of rebound of gonorrhea after lifting of COVID-19 preventive measures, England* 

Year 
No. persons with gonorrhea diagnosis 

MSM Heterosexual men WSM WOSW Not known 
2019 
 Quarter 1 7,851 3,678 4,280 44 889 
 Quarter 2 8,341 3,692 4,205 64 1,005 
 Quarter 3 9,249 3,832 4,498 55 1,152 
 Quarter 4 8,466 3,909 4,757 47 1,119 
2020 
 Quarter 1 8,040 3,356 3,883 60 1,005 
 Quarter 2 4,352 1,681 1,962 39 580 
 Quarter 3 6,194 2,436 2,832 59 956 
 Quarter 4 6,491 2,585 2,964 69 1,134 
2021 
 Quarter 1 5,184 2,041 2,392 52 1,305 
 Quarter 2 5,251 1,674 2,076 77 1,456 
 Quarter 3 7,107 2,152 2,577 69 1,810 
 Quarter 4 8,724 2,674 3,665 85 4,590 
2022 
 Quarter 1 8,809 2,916 3,809 109 2,419 
 Quarter 2 9,684 3,224 4,182 127 2,560 
 Quarter 3 10,498 3,684 5,032 115 2,953 
 Quarter 4 9,932 4,097 5,274 123 3,045 
*Preventive measures were lifted in July (quarter 3) of 2021. MSM, gay, bisexual and other men who have sex with men; WOSW, women who only have 
sex with women; WSM, women who have sex with men. 

 

Figure 2. Total number of 
gonorrhea diagnoses (A) and 
tests (B) according to age 
groups in study of rebound 
of gonorrhea after lifting of 
COVID-19 preventive measures 
in England, January 1, 2019–
December 31, 2022. Shaded 
bars between panels indicate 
dates of COVID-19 lockdowns. 
Q, quarter.
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in heterosexual men is likely to cause symptom-
atic urethritis, which might cause those persons to 
seek earlier treatment at SHS. Although we did not 
have access to data on symptoms for confirmation, 
the increase in diagnoses observed in heterosexual 
men suggests an increase in incident infection and 
not just a delay in detection.

The sexual behavior of young persons was most 
adversely affected by COVID-19–related restrictions 
(4). After all lockdown restrictions were removed dur-
ing summer 2021, the return of in-person attendance 
at higher education institutions might have provided 
increased opportunities for new and frequent chang-
ing of sexual partners. The potential change to higher 
STI risk behaviors could perhaps help explain the ob-
served increases and is similar to reports from other 
countries in Europe in which gonorrhea diagnoses 
increased in 2022 among young persons of average 
university age (5–8).

Young persons were affected the most by disrup-
tions to SHS caused by lockdown measures (9). Test-
ing by using online services increased, but evidence 
of access inequality existed; those 15–19 years of age 
were less likely to access testing through this route 
(10). We have shown that testing levels in young per-
sons remained lower in 2022 than during the prepan-
demic period, suggesting that potential undiagnosed 
cases contributed to observed increases in gonorrhea. 
Messaging focused on the importance of regular STI 
testing, especially for young persons with new part-
ners, could help address disease transmission result-
ing from undiagnosed cases. Public health messaging 
directed at young persons was published to coincide 
with the start of the 2023–24 academic year (11).

In conclusion, the increase in gonorrhea diagno-
ses was widespread in England after removal of all 
COVID-19 lockdown restrictions. It remains to be 
seen whether increases in gonorrhea diagnoses will 
be short-lived because of restrictions removal, wheth-
er pre–COVID-19 pandemic diagnoses levels will 
resume, or whether another trend will be observed. 
Continued close surveillance, a better understanding 
of the factors leading to the increase in gonorrhea di-
agnoses, and public health messaging (particularly to 
young persons) are needed to focus efforts on gonor-
rhea transmission control and prevention.
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Case investigation and contact tracing (CICT) 
were among the primary nonpharmaceutical 

interventions for COVID-19 before vaccines became 
widely available. Previous studies estimated that 
CICT played an important role in mitigating the CO-
VID-19 pandemic in the United States (1,2). However, 
CICT programs were resource-intensive and required 
trained personnel, testing capacity, and technology to 
support successful implementation (3,4). Health de-
partments had to make decisions about how to best 
allocate limited resources to CICT and other compet-
ing mitigation strategies, such as vaccination, testing 
programs, and community outreach.

Because of a surge in cases associated with the 
SARS-CoV-2 Delta variant (B.1.617.2) during sum-
mer 2021 (5) and the redirection of staff hours from 
CICT to other activities, the Philadelphia Depart-
ment of Public Health (PDPH; Philadelphia, PA, 
USA) adjusted its existing CICT protocol on August 
18, 2021. The new protocol prioritized cases with the 

most recent specimen collection dates rather than 
on the basis of time registered in the surveillance 
system. In addition, instead of making multiple at-
tempts to reach case-patients and contacts within ≈4 
days, staff made 1 attempt to reach each case-patient 
and contact. The new protocol prioritized persons in 
the early stages of infection, aiming to prevent sec-
ondary transmission by allocating resources more ef-
fectively. In addition, by limiting the time allocated 
to each case, CICT staff could expand their reach to 
more persons. This redistribution of staff resources 
also supported the redirection of staff to other im-
portant response efforts.

The Study
To assess the effect of the CICT protocol change, we 
defined two 8-week evaluation periods; period 1 
was before the CICT protocol change (June 23–Au-
gust 17, 2021), and period 2 was after the protocol 
change (September 1–October 26, 2021) (Figure). We 
employed a 2-week gap between the 2 periods to al-
low sufficient time for the effects of the new proto-
col to be reflected in reported cases. PDPH routinely 
collected the daily number of new COVID-19 cases 
(6), daily vaccination records (6), and CICT program 
metrics (7), including staff hours (Table 1). PDPH 
had a separate team responsible for overseeing con-
tact tracing in select high-risk groups, such as nurs-
ing homes and other congregate living facilities; the 
effect of that team is not considered in the analysis. 
The PDPH Institutional Review Board determined 
that this work did not constitute human subjects re-
search and was therefore not subject to institutional 
review board review.
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Because of constrained personnel time, the Philadelphia 
Department of Public Health (Philadelphia, PA, USA) 
adjusted its COVID-19 contact tracing protocol in sum-
mer 2021 by prioritizing recent cases and limiting staff 
time per case. This action reduced required staff hours 
to prevent each case from 21–30 to 8–11 hours, while 
maintaining program effectiveness.
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We combined data collected by PDPH with 
the Centers for Disease Control and Prevention  
COVIDTracer modeling tool (https://www.cdc.gov/
ncezid/dpei/resources/covid-tracer-Advanced-
Special-edition.xlsm) to estimate cases averted be-
fore and after the protocol change. COVIDTracer is 
a spreadsheet-based tool that uses a susceptible–ex-
posed–infectious–recovered epidemiologic model to 
illustrate the spread of COVID-19 and the effects of 
community interventions such as CICT (8). We mea-
sured CICT effectiveness by calculating the propor-
tion of case-patients and contacts isolated or quar-
antined in response to PDPH’s CICT efforts and 
the number of days needed for them to enter isola-
tion or quarantine (Table 2). We then estimated the  

combined effects of other community interventions, 
such as masking, social distancing, and vaccination, 
by fitting the model-generated cumulative case curve 
to the observed one. Finally, to simulate a scenar-
io without CICT, we removed CICT’s effects in the 
model and calculated the difference between this hy-
pothetical curve and the reported cases as the cases 
averted by CICT (Appendix, https://wwwnc.cdc.
gov/EID/article/30/2/23-0988-App1.pdf). 

The percentage of cases interviewed declined 
from 42% to 29% after the protocol change, mainly 
because of a doubling of reported cases in period 
2 (Table 1). However, a larger absolute number of 
case-patients were interviewed in period 2, result-
ing in more contacts being notified and monitored.  
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Figure. Daily reported COVID-19 
cases and 2 evaluation 
periods before and after CICT 
protocol change, Philadelphia, 
Pennsylvania, June–November 
2021. The large dots represent 
daily case counts, and the dotted 
line represents the 7-day moving 
average case count. CICT, case 
investigation and contact tracing.

 
Table 1. COVID-19 incidence, reported CICT program metrics, and CICT staff hours before and after CICT protocol change, 
Philadelphia, Pennsylvania, USA, 2021* 

Characteristic 
Period 1, before protocol 

change 
Period 2, after protocol 

change 
Evaluation dates Jun 23–Aug 17 Sep 1–Oct 26 
COVID-19 incidence   
 Mean daily incidence, cases/100,000 persons†  9 18 
 Total no. reported cases 7,544 15,681 
 % Population fully vaccinated 58 65 
CICT program performance metrics   
 No. case-patients reached for interviews‡ 5,685 9,351 
 No. case-patients who completed interviews (% all case-patients) 3,172 (42) 4,537 (29) 
 No. interviewed case-patients naming >1 contact 852 1,074 
 No. contacts identified 1,922 2,375 
 No. contacts notified 1,372 1,853 
 No. contacts monitored§ 883 1,234 
 Timing of case-patient interview, days after specimen collection¶ 3 2 
 Timing of contact notification, days after specimen collection# 4 3 
CICT staff hours 

  

 Average no. CICT staff per week 83 85 
 Total staff hours over the 8-wk period** 19,890 12,788 
*CICT, case investigation and contact tracing. 
†Mean daily incidence for each of the 8-week evaluation periods. 
‡Include case-patients who completed interviews, those who were reached but refused interview, and those who were reached but were unable to be 
interviewed because of other reasons (e.g., incarcerated, deceased, and language barriers). 
§Contacts who agreed to share symptom updates with the health department through text or phone calls. 
¶Reported median days from specimen collection to positive test results reported to health departments. 
#Reported median days from specimen collection to contact notification. 
**On average, CICT staff spent 80% of their work (i.e., 30 h/wk) dedicated to CICT during period 1 and 50% during period 2 (i.e., 18.75 h/wk). 
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Notification speed improved; case-patient inter-
views and contact notifications occurred 1 day faster 
after the protocol change (Table 1). We estimated that 
the percentage of case-patients and contacts isolated 
or quarantined because of CICT decreased after the 
protocol change, from 17% (range 11.7%–21.9%) to 
10% (range 6.7%–12.5%). These ranges reflect differ-
ent levels of assumed compliance with isolation and 
quarantine recommendations (Appendix Table 1). 
However, the number of days after specimen collec-
tion needed to start case-patient isolation and con-
tact quarantine improved by 1 day, decreasing from 
9 to 8 days (Table 2).

CICT efforts averted an estimated 657–968 cases 
during June 23–August 17 (period 1) and 1,156–1,609 
cases during September 1–October 26 (period 2) (Ta-
ble 2; Appendix Table 2). The estimate ranges con-
sider various time values for exposed persons to be-
come infectious, accounting for circulating COVID-19 
variants (Appendix). The higher number of cases 
averted in period 2 may be influenced by the higher 
prevalence (Table 1); a larger number of cases in the 
community increases the potential for averting addi-
tional cases. The estimates of averted cases represent 
≈8.4%–12.0% of the total disease prevalence in period 
1 and ≈6.8%–9.2% of the total disease prevalence in 
period 2 (Table 2; Appendix Table 2).

When we calculated the effect of the protocol 
change by estimating cases averted in period 2 by us-
ing the CICT effectiveness values from period 1, the 
new protocol resulted in 93–189 fewer cases averted 
than would have occurred if the protocol had not 

changed (Appendix Table 3). This result indicates 
that, during the evaluation period, the benefits of in-
creased notification speed were not sufficient to fully 
offset the negative effects of the lower coverage. Of 
note, factors beyond the implementation of the CICT 
program, such as variations in staff experience and 
efficiency between the 2 periods, and inherent errors 
associated with case-patient interviews may have in-
fluenced the results.

Similar numbers of staff were assigned to the 
CICT program during the 2 periods (an average of 
83 staff per week in period 1 and 85 staff per week in 
period 2). However, on average, staff spent 80% of 
their time on CICT during period 1 (totaling 19,890 
hours) and 50% of their time on CICT in period 2 
(totaling 12,788 hours), which allowed staff to as-
sist with vaccinations, testing, and other emergen-
cy response activities (e.g., influx of refugees from 
Afghanistan). Although CICT averted relatively 
more disease cases before the protocol change, av-
erage staff hours per case averted decreased after 
the protocol change (21–30 vs. 8–11 hours per case 
averted) (Table 2).

Conclusions
PDPH’s new CICT protocol exemplifies the tradeoffs 
public health agencies in resource-limited settings en-
counter while working to fulfill their missions. Un-
der the new protocol, the proportion of disease cases 
averted because of CICT decreased. However, the new 
protocol reduced staff hours needed to prevent each 
additional case by 63%. Throughout both periods,  
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Table 2. Calculated CICT effectiveness values and model-estimated CICT effectiveness before and after CICT protocol change, 
Philadelphia, Pennsylvania, USA, 2021* 

Characteristic 
Period 1, before  
protocol change 

Period 2, after  
protocol change 

Calculated CICT effectiveness values  
 

 % Case-patients and contacts isolated because of CICT (range)† 17 (11.7–21.9) 10 (6.7–12.5) 
 Days from infection to isolation‡ 9 8 
Model-estimated CICT effectiveness 

  

 No. cases averted by CICT 657–968 1,156–1,609 
 No. hospitalizations averted by CICT 16–24 28–40 
 % Disease prevalence averted by CICT 8.4–12.0 6.8–9.2 
 Average staff hours per case averted§ 21–30 8–11 
 Average staff hours per 1% disease prevalence averted¶ 1,661–2,358 1,397–1,892 
*CICT, case investigation and contact tracing. 
†Including contacts who later become case-patients. Calculated as follows using the observed performance metrics (Table 1), assumed compliance with 
isolation and quarantine guidance among cases and contacts (Appendix Table 1, https://wwwnc.cdc.gov/EID/article/30/2/23-0988-App1.pdf), and an 
assumed k = 1.2: [(% case-patients interviewed  compliance) + k  % contacts identified  (% contacts monitored  compliance + % contacts notified but 
not monitored  compliance)] / (1 + k), where k is approximated from the effective reproduction number (Rt), because undetected infected contacts will 
infect Rt additional persons on average. During the evaluation period, the average Rt in Philadelphia was 1.29 during periods 1 and 0.99 during period 2. If 
the assumed compliance was 100%, the estimated effectiveness could be as high as 26% for period 1 and 15% for period 2. 
‡The average length of time from infection to isolation and quarantine between case-patients and contacts who later became case-patients. We assumed 
a 5-day presymptomatic period. We further assumed that interviewed case-patients and notified contacts began isolation and quarantine the day after 
their interactions with the health department (Appendix). 
§Calculated by dividing the total staff hours by the estimated number of cases averted by CICT. Lower value represents a more cost-effective program, 
given that it requires fewer staff hours to prevent each case. 
¶Calculated by dividing the total staff hours by the estimated proportion of disease prevalence averted by CICT. Lower value represents a more cost-
effective program, given that it requires fewer staff hours to prevent each percentage of disease prevalence. 
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the estimated number of disease cases averted by 
CICT was meaningful, reducing the potential casel-
oad by an estimated 300–800/month, depending on 
case levels and protocol changes.

Prioritizing more recently tested case-patients 
and limiting staff hours dedicated to each case-
patient and contact resulted in increased efficien-
cy of the CICT program. The staff time saved by 
the protocol change (7,103 staff hours saved over 
an 8-week period) (Table 1) was directed toward 
other meaningful mitigation efforts as the response 
evolved, including vaccination, testing, and out-
reach services.

Although resource-intensive, the CICT program 
collected valuable surveillance data on contextual, 
demographic, occupational, and exposure trends 
related to COVID-19. Furthermore, the direct inter-
actions between CICT staff and residents provided 
essential health information and resources, encour-
aging positive behavioral changes that prevented 
further community transmission (9,10). In addition, 
CICT has proven effective in controlling outbreaks of 
Middle East respiratory syndrome and Ebola (11) and 
will serve as an important tool for managing other in-
fectious diseases with pandemic potential. The inher-
ent value of CICT underscores the need to implement 
more resource-efficient strategies, such as those used 
in PDPH’s protocol change, to sustain the program 
during future pandemics.
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Each year in the United States, >800 foodborne 
outbreaks are reported, causing >14,000 illnesses 

and >800 hospitalizations (1–3). Foodborne outbreaks 
range from small, localized outbreaks, such as those 
associated with a locally contaminated meal shared 
by family or friends, to large, multistate outbreaks as-
sociated with a contaminated food that is widely dis-
tributed. Selection and information biases, pathogen 
testing methods, and outbreak size can affect detec-
tion, investigation, and reporting (4). However, few 
methods are available to estimate the extent of out-
break underdetection and underreporting.

Outbreaks can be considered natural occurrences 
with a mathematical relationship between frequency 
and size. Several studies have used a power law dis-
tribution, where one variable is proportional to the 
power of another, to help describe disease outbreaks 
or transmission (5–9). We examined the mathemati-
cal relationship between foodborne outbreak fre-
quency and size to estimate the number of expected 
outbreaks of different sizes, comparing power law, 
log-normal, and exponential distributions by using 
censored and complete data to clarify underdetection 
and underreporting.

The Study
Local, state, and federal public health agencies in 
the United States identify and investigate foodborne 

outbreaks and report them to the Foodborne Dis-
ease Outbreak Surveillance System (FDOSS; https://
www.cdc.gov/fdoss). In FDOSS, a foodborne out-
break is defined as >2 similar illnesses associated 
with a common food source. We used FDOSS data 
from 1998–2019 and defined outbreak size as the 
number of laboratory-confirmed cases. We also in-
cluded outbreaks with >2 similar illnesses that had 
only 1 confirmed case. We evaluated the fit of power 
law, log-normal, and exponential distributions by ap-
plying the Kolmogorov-Smirnov (KS) statistic (10) to 
the number of outbreaks by size.

We estimated medians and 90% credible inter-
vals (CrIs) for the minimum threshold, slope, and 
difference between expected and actual outbreak fre-
quency by bootstrapping 5,000 random samples with 
replacement from the dataset of all outbreaks of the 
same size. We defined outbreaks of <10 confirmed 
cases as small and outbreaks of >100 confirmed 
cases as large. We conducted all analyses in R (The 
R Foundation for Statistical Computing, https://
www.r-project.org) by using the poweRlaw package 
version 0.70.6 (11). We provide additional methods 
and R script (Appendix 1, https://wwwnc.cdc.gov/
EID/article/30/2/23-0342-App1.pdf) and the dataset 
used (Appendix 2, https://wwwnc.cdc.gov/EID/
article/30/2/23-0342-App2.xlsx).

During 1998–2019, a total of 10,026 foodborne 
outbreaks were reported in the United States, ranging 
from 1 to 1,500 laboratory-confirmed cases. The data 
appeared linear on a log-log scale, consistent with a 
power law distribution (Figure 1, panel A). We rejected 
the exponential and log-normal distributions because 
they fit poorly based on the KS statistic (exponential 
0.109, p<0.001; log-normal 0.0101, p<0.001). The power 
law distribution fit the data (KS = 0.00985, p = 0.15).

Foodborne outbreaks with >4 (90% CrI 4–8) cases 
followed a power law distribution of α = 2.15 (90% 
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We fit a power law distribution to US foodborne disease 
outbreaks to assess underdetection and underreporting. 
We predicted that 788 fewer than expected small out-
breaks were identified annually during 1998–2017 and 
365 fewer during 2018–2019, after whole-genome se-
quencing was implemented. Power law can help assess 
effectiveness of public health interventions.
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CrI 2.12–2.19) (Figure 2). We estimated 718 (90% CrI 
594–783) fewer than expected small outbreaks and 
0.4 (90% CrI −0.07–0.9) fewer than expected large 
outbreaks occurred annually, representing 841 (90% 
CrI 669–932) fewer than expected small outbreak- 
associated illnesses and 574 (90% CrI 325–871) fewer 
than expected large outbreak-associated illnesses.

By 2018, most US public health laboratories were 
using whole-genome sequencing (WGS) to subtype 
some bacteria that cause foodborne illness, including 

Salmonella enterica, Escherichia coli, and Listeria mono-
cytogenes. WGS has helped public health practitioners 
detect more outbreaks and determine the food or oth-
er source while outbreaks are still small (12).

A power law distribution fit the outbreak data for 
both the 1998–2017 (8,993 outbreaks; KS = 0.00949, p = 
0.37) and the 2018–2019 (1,033 outbreaks; KS = 0.0211, 
p = 0.43) periods (Figure 1, panel B). The minimum 
threshold was >5 cases (90% CrI 4–9) and α  =  2.20 
(90% CrI 2.16–2.25) during 1998–2017, compared with 
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Figure 1. Log-log scale of foodborne outbreak size versus frequency from a power law for estimating underdetection of foodborne 
disease outbreaks, United States. A) Actual (black points) versus expected from the power law distribution (gray line) 1998–2019; B) 
actual (blue points) versus expected (light blue line) 1998–2017 and actual (red points) versus expected (light red line) 2018–2019. 
Estimates for the difference between the number of expected and actual small (<10 cases) and large (>100 cases) outbreaks were 
calculated by the sum of the differences between each of the relevant actual points and the expected line at the same x-value. Annual 
estimates were then calculated by dividing the number of years represented.

Figure 2. Parameter estimates from a power law for estimating underdetection of foodborne disease outbreaks, United States. Graphs 
display distribution of foodborne outbreak size and frequency for the minimum threshold (A) and slope (B) for outbreaks during 1998–
2019. Black lines represent bootstrapped parameter estimate; red lines represent 90% credible intervals. 
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a minimum threshold of >3 cases (90% CrI 2–6) and 
α  =  1.91 (90% CrI 1.83–2.00) during 2018–2019. We 
estimate 788 (90% CrI 665–888) fewer than expected 
small outbreaks and 0.4 (90% CrI −0.06 to 0.9) fewer 
than expected large outbreaks were identified annu-
ally during 1998–2017, compared with 365 (90% CrI 
277–475) fewer than expected small outbreaks and 1 
(90% CrI −3 to 2) more than expected large outbreak 
annually during 2018–2019.

Conclusions
We found that foodborne disease outbreak data fit a 
power law distribution. On the basis of that finding, 
we quantified the unobserved burden of foodborne 
outbreaks in the United States during 1998–2019, pre-
dicting that 718 fewer than expected small outbreaks 
are detected, investigated, and reported every year 
and 1 fewer than expected large outbreak was detect-
ed and reported about every 3 years. Detection and 
reporting of foodborne outbreaks have improved; 
during 2018–2019, we estimate that underreporting 
of small outbreaks decreased by 54% (365/year) com-
pared with 1998–2017 (788/year). The power law dis-
tribution quantifies improvements in detection and 
reporting, which could in part be explained by WGS.

Many factors affect outbreak and case detection, 
investigation, and reporting, including whether the 
outbreak is caused by a common molecular strain, how 
many persons ate the contaminated food, clinical man-
ifestations, care-seeking, diagnostic testing, and labo-
ratory or health department outbreak investigation 
and response capacity. Natural limitations to outbreak 
size are also likely, including the geographic distribu-
tion of a contaminated food product, food safety poli-
cies that control contamination in the food system, and 
product recalls or other disease control efforts that end 
large outbreaks before natural limitations are reached.

Power law distribution parameters should be 
stable over time, but changes in the slope or mini-
mum threshold or deviations from the estimated 
power law might indicate perturbations of concern. 
Understanding the different power law parameters 
that underlie outbreak size and frequency can also 
be useful for exploring how detection of foodborne 
outbreaks differs by pathogen or food vehicle. In ad-
dition, those parameter changes can reflect public 
health interventions.

The power law distribution has applications be-
yond foodborne outbreaks and has been applied to 
COVID-19, measles, and gonorrhea (5–9). By predict-
ing outbreak frequency and the extent of underdetec-
tion, we can plan outbreak response needs for routine 
and surge scenarios, assess the effects of outbreak 

prevention efforts, and improve estimates of the 
proportion of illnesses that are outbreak-associated  
versus sporadic.

A limitation of this analysis is that failure to statisti-
cally reject the power law distribution does not ensure 
that the data follow a power law. The KS statistic also 
might miss systematic patterns that differ between dis-
tributions because it uses only the largest difference. 
However, we used a hypothesis-driven rationale to cen-
sor data by establishing a minimum threshold, tested 
alternative distributions, and characterized uncertainty 
by using the bootstrap. Another limitation is that we 
only include reported outbreaks with laboratory con-
firmed cases, which could underestimate cases but also 
reduces variation from comparing across multiple types 
of outbreaks. Laboratory-confirmed cases also could be 
an underestimate for the largest outbreaks because pub-
lic health laboratories might run out of resources to sub-
type patient samples or be faced with other constraints 
due to the overwhelming size of the outbreak.

In conclusion, we used the power law distribu-
tion on foodborne disease outbreak data to quan-
tify underdetection and how foodborne disease 
reporting has improved. The improvement in un-
derdetection during 2018–2019 could in part be 
explained by improved detection or investigation 
from the implementation of WGS. The power law 
distribution can be used to assess the impact of past 
and future public health interventions and as a tool 
for resource planning.
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Tick-borne encephalitis (TBE) is a considerable 
public health concern caused by the tick-borne 

encephalitis virus (TBEV), a member of the Flavi-
viridae family. This virus is classified into 5 geno-
types; European, Siberian, and Far Eastern are the 
main types, each exhibiting distinct epidemiologic 
patterns and clinical manifestations (1). TBEV infec-
tion is mainly attributed to the bite of Ixodes ticks, 
most notably Ixodes ricinus in Europe (1). The virus 
primarily affects the central nervous system, lead-
ing to a range of neurologic symptoms and potential 
long-term complications, including death. Clinical 
manifestations of TBE consist of a first phase charac-
terized by headache and fever and a second phase, 
where myelitis can cause altered consciousness, 
tremors, ataxia, and paresis (1).

TBEV is distributed across several regions of Eu-
rope and Asia. European TBEV is prevalent in Aus-
tria, Germany, Sweden, Switzerland, and the Russian 
Federation (2). This strain is endemic in northeastern 
Italy (3), but the rest of the country has been consid-
ered virus-free, with the exception of a single au-
tochthonous case in Emilia-Romagna (4). A recent 

serologic screening of wild ungulates confirmed the 
absence of TBEV in the Piedmont region (5). No data 
on TBEV in the most populous region of Italy, Lom-
bardy, have been published recently. Considering 
Lombardy’s position, bordering states (Switzerland) 
and regions where the pathogen is endemic, and the 
abundant presence of I. ricinus ticks (6,7), Lombardy 
represents an area at risk for expansion of TBEV.

The Study
The Experimental Zooprophylactic Institute of Lom-
bardy and Emilia Romagna (IZSLER) is responsible 
for the surveillance of the wild fauna in the Lombar-
dy region. Considering the potential risk for TBEV 
expansion, the Institute started molecular screening 
of ticks retrieved from humans in Lombardy in 2019 
(8). Since 2021, serologic analysis of wild ungulates 
(9) was added to the surveillance program, including 
serum samples collected in the previous year. A total 
of 3,555 ticks have been subjected to molecular sur-
veillance since the start of the program (2,556 from 
humans, 999 from wildlife), and none were found to 
be positive. Out of the 1,954 examined samples from 
wild ungulates, 47 samples tested positive for TBEV 
antibodies (Table; Figure 1, https://wwwncdc.eid.
gov/EID/articles/30/2/23-1016-F1.htm). Albeit not 
fully conclusive, those results prompted an increased 
alert, with attention to possible cases of neurologic 
symptoms compatible with TBE in animals and hu-
mans in the region.
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Tick-borne encephalitis was limited to northeast portions 
of Italy. We report in Lombardy, a populous region in the 
northwest, a chamois displaying clinical signs of tickborne 
encephalitis virus that had multiple virus-positive ticks at-
tached, as well as a symptomatic man. Further, we show 
serologic evidence of viral circulation in the area.



DISPATCHES

On November 28, 2022, a 49-year-old male hunter 
sought treatment at the Pope John XXIII Hospital in 
Bergamo, Lombardy, displaying clinical symptoms 
compatible with TBE. The man reported a tick bite 
in the previous month while in Val Brembana valley 
(Figure 1), with no recent history of travel outside of 
the region, but multiple mountain excursions in the 
study area. He reported clinical manifestations that in-
cluded fever and fatigue, followed a few days later by 
neurologic symptoms (lack of coordination and equi-
librium), which supported a 2-phase clinical picture 
compatible with TBE (1). Serologic exam for TBEV re-
sulted in positive readings for both IgG and IgM. The 
patient’s clinical picture improved spontaneously, 
and he was discharged on December 12, 2022. Since 
that time, he has reported myalgia, fatigue, impair-
ment of concentration, and memory lapses.

On May 12, 2023, in Carona, Bergamo Province, 
Lombardy region (Figure 1), a hunter encountered a 
chamois (European goat-antelope) that had neurologic 
symptoms of ataxia, muscle tremors, incoordination, 
and frequent swallowing. The chamois was killed and 
conferred to the IZSLER, where we performed necrop-
sy and collected blood and organs for further examina-
tion. Postmortem examination revealed poor general 
condition, absence of adipose tissue, and incomplete 
molt. Necropsy did not reveal mechanical trauma or 
ingestion of poisonous food. A massive tick infesta-
tion was presen; some ticks were clustered, but oth-
ers were scattered on various areas of the body. At the 
lung level, pleuro-costal adhesions and parasitic nodu-
lar lesions were evident. Other observations included 

gastrointestinal nematodes, pallor of the kidney paren-
chyma and cribrous appearance of the cortical surface, 
hypertrophy of the adrenals, and pallor of the liver, 
including focal irregular, whitish lesions on the sur-
face. Histopathology revealed severe, chronic, nonpu-
rulent meningoencephalitis, characterized by perivas-
cular lymphohistiocytic cuffs, neuronal necrosis, and 
satellitosis (Figure 2, panel A). Immunohistochemical 
analysis showed neuronal positivity for TBEV (Figure 
2, panel B). An attempt to culture the virus from brain 
tissue on Vero E6 cells (IZSLER Biobank code BSCL87, 
http://www.ibvr.org) was unsuccessful.

The animal’s blood was used for molecular and 
serologic investigations, which both showed evident 
TBEV positivity, as did a pool of organs and brain. 
The threshold cycle of the PCR of the organ pool was 
low, suggesting a high viraemia. A total of 26 ticks 
were found attached to the body, all identified mor-
phologically as adult I. ricinus ticks, 12 of them male 
and 14 partially engorged female. All retrieved ticks 
were subjected to TBEV PCR; 4 male and 8 female 
ticks showed clear positivity. We Sanger sequenced 
PCR products (224 nt) from the chamois and from the 
ticks; sequences were all identical (Genbank acces-
sion nos. OR473050–4) so we used 1 representative for 
phylogenetic reconstruction (Figure 3). The phyloge-
netic tree shows that the novel sequence falls within 
sequences representing the European genotype (10). 

In parallel, we performed bacteriologic ex-
amination of the viscera of the chamois and tested 
for Anaplasma phagocytophilum, Babesia spp., and  
pestiviruses. All test results were negative. We also 
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Table. Results of testing for tick-borne encephalitis virus antibodies among serum samples taken from wild ungulate species, Italy* 

Year 
Wild ungulate species, no. positive/no. tested 

Chamois Roe deer Red deer Mouflon 
2020 8/216 1/145 11/194 NA 
2021 6/222 0/187 4/217 0/25 
2022 4/114 3/154 7/255 0/30 
2023 1/4 0/7 2/184 NA 
Total 19/556 4/493 24/850 0/55 
*NA, not available. 

 

Figure 2. Histopathologic findings 
from the brain of a wild chamois 
with tick-borne encephalitis 
virus found in the Lombardy 
region of Italy in May 2023. A) 
Severe, chronic, nonpurulent 
meningoencephalitis characterized 
by perivascular lymphohistiocytic 
cuffs. Hematoxylin-eosin 
stain; original magnification 
×20. B) Neuronal positivity for 
tick-borne encephalitis virus. 
Immunohistochemistry; original 
magnification ×20.
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screened the ticks for other pathogens, namely Bor-
relia spp., Babesia spp., Rickettsia spp., Francisella 
spp., Coxiella burnetii, and Anaplasma, as previously 
performed (11,12). All results were negative, except 
for 2 females found positive for Rickettsia helvetica 
and 1 found positive for Borrelia miyamotoi, all con-
firmed by Sanger sequencing.

Conclusions
We report TBE cases in a human and in a chamois 
in the Lombardy region of Italy, as well as molecular 
positivity in I. ricinus ticks. A clinical case in a cham-
ois is especially noteworthy given recently reported 
clinical cases of TBEV in other wild and domestic 
animals, including ruminants (13), and the steady in-
crease of wild ruminants in the Alps (14). The high 
viraemia of the chamois we studied, together with the 
TBEV positivity of multiple attached ticks, suggests 
a potential role in the maintenance of the virus, one 
generally not considered (13,15). Our finding of TBE-

positive I. ricinus male ticks with sequences identical 
to female ticks is compatible with transstadial and ve-
nereal transmission; female tick positivity could also 
be explained by cofeeding. When considered along-
side the high amount of virus detected in the chamois, 
the findings from our analysis of the attached ticks 
corroborate the existence of a complete cycle of infec-
tion and a potential role of this animal as reservoir.

Results from our investigation indicate the pres-
ence of TBE in northwestern Italy and suggest the 
need for increased awareness of the westward spread 
of TBEV, now present in most of the central Alps. The 
severity of the reported human case highlights the 
importance of raising the awareness of stakeholders 
and high-risk portions of the population (e.g., hunt-
ers, excursionists, and farmers) to promote vaccina-
tion and control of raw milk and traditional cheese-
making. Taking immediate preventive measures in 
the most at-risk areas will help prevent subsequent 
clinical cases of TBEV in humans.
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Figure 3. Phylogenetic tree 
of a representative tick-borne 
encephalitis virus (boldface) 
from samples collected from 
a wild chamois and ticks in 
the Lombardy region of Italy. 
Tree shows the relationship 
between the obtained 
sequence of a 224-bp portion 
of the nonstructural 5 gene 
and reference sequences 
from GenBank (accession 
numbers, country, and year 
of isolation provided). The 
phylogenetic analysis was 
performed on the homologous 
sequences by the maximum-
likelihood method using IQ-
TREE software (http://www.
iqtree.org), after alignment.
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Nocardia is a ubiquitous, filamentous, gram-posi-
tive bacillus present in soil and decaying plants 

(1), affecting immunocompromised patients by way 
of inhalation, with a risk of secondary dissemination. 
Invasive Nocardia infections are mainly observed in pa-
tients who have undergone organ transplantation (in-
cidence 0.2%) and hematopoietic stem cell transplanta-
tion (incidence 1.7%). Infections also occur in persons 
with primary immunodeficiency, solid cancer, or auto-
immune disease. Other previously identified risk fac-
tors include use of long-term steroids and calcineurin 
inhibitors (2–4). Pulmonary involvement constitutes 
the most common manifestation of Nocardia infection, 
which can potentially lead to secondary dissemination, 
particularly in immunocompromised populations; the 
central nervous system is a common site, and many 
cases involving asymptomatic manifestations (5).

Blood cultures are positive in 10%–20% of cases 
involving Nocardia infection, and lung PCR can indi-
cate colonization, requiring such tests as bronchoal-
veolar lavage and abscess needle aspiration. Nocardia 
species are typically resistant to common antibiot-
ics, which contribute to the complexity of diagnos-
ing and managing disseminated infections (6,7). The 
mortality rate associated with Nocardia infection is 
substantial; 16%–40% of patients die within the first 
year of diagnosis, and outcomes depend largely on 
the underlying disease (6–8). We explored the risk 
factors, characteristics, and prognosis of patients with 
invasive nocardiosis in the context of the intensive  
care setting.

The Study
We conducted a retrospective, multicenter study of 
patients with invasive nocardiosis admitted to 22 
intensive care units (ICUs) from the Groupe de Re-
cherche Respiratoire en Réanimation Onco-Héma-
tologique (Grrr-OH) during 2004–2023 in France and 
Belgium. We established inclusion criteria as un-
planned ICU medical admission, age >18 years, and 
a documented invasive nocardiosis diagnosis (before 
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We studied 50 patients with invasive nocardiosis treated 
during 2004–2023 in intensive care centers in France 
and Belgium. Most (65%) died in the intensive care unit 
or in the year after admission. Nocardia infections should 
be included in the differential diagnoses for patients in 
the intensive care setting. 
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or during ICU stay). We excluded cases of suspected 
nocardiosis without microbiological documentation 
or those with a lack of medical chart data.

Documented nocardiosis was determined by 
a positive culture for Nocardia species or a Nocardia 
PCR-based assay coupled with organ involvement. 
Disseminated nocardiosis was characterized by the 
infection affecting >2 noncontiguous sites; bacteremia 
constituted dissemination if 1 organ was involved. 
Organ failures were identified based on the Sepsis-
related Organ Failure Assessment score.

We performed a comparison between patients 
admitted to the ICU for Nocardia infection and pa-
tients enrolled in the HIGH multicenter clinical trial 
(9), which included immunocompromised patients 
admitted to the ICU for acute respiratory failure and 
compared the effect of high-flow nasal oxygen versus 
standard oxygen on 28-day mortality. We excluded 
diagnoses of Pneumocystis infection, acute pulmonary 
edema, and specific lung lesions, which we assumed 
could be easily distinguished from nocardiosis.

We present continuous data as median (interquar-
tile range) and categorical data as numbers and per-
centages. We compared characteristics between our 
cohort and data from the HIGH clinical trial by using 
a Wilcoxon rank-sum test (continuous variables) or 

Fisher exact test (categorical variables). We used only 
variables that were statistically significant (p<0.05) in 
univariate analysis in multivariate analysis and con-
ducted an assessment of collinearity. We performed 
2-sided statistical analyses by using R statistical soft-
ware version 2023.03.0+386 (The R Foundation for 
Statistical Computing, https://www.r-project.org).

In total, we studied 50 patients with invasive no-
cardiosis who were admitted to the ICU. The median 
age was 59 (47–67) years; 39 (78%) were men, and 11 
(22%) were women. We took into account such details 
as patient demographics, concurrent diseases, and 
immunosuppressive therapies (Table 1). Almost all 
patients (46 [92%]) were immunocompromised; the 
primary causes were solid organ transplantation (18 
[36%]), systemic autoimmune diseases (12 [24%]), and 
hematologic malignancies (10 [20%]). Steroid therapy 
was administered to most patients (34 [68%]). Low-
dose trimethoprim/sulfamethoxazole prophylaxis 
was given to 12 (24%) patients.

We noted disseminated infection in almost half 
of the patients (48%); the most frequently involved 
organs were lungs (98%), central nervous system 
(47%), and skin (20%) (Table 2). At admission to in-
tensive care, 33 (66%) patients had acute respiratory 
distress and 19 (38%) experienced coma (defined by a 
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Table 1. Baseline characteristics of patients in study of critically ill patients with visceral Nocardia infection, France and Belgium, 
2004–2023* 
Baseline characteristics Nocardiosis cases, n = 50 
Age, y, median (IQR) 59 (47–67) 
Sex 
 M 39 (78) 
 F 11 (22) 
Charlson score, median (IQR) 4 (3–7) 
Cardiovascular risk factors, median (IQR) 2 (1–3) 
Immunosuppression 46 (92) 
 Corticosteroids at admission 34 (68) 
  5–10 mg/d 5 (10) 
  >10 mg/d 29 (58) 
 Tacrolimus treatment 16 (32) 
 Mycophenolate mofetil treatment 12 (24) 
 Other conventional immunosuppressive drugs† 5 (10) 
Organ transplantation 18 (36) 
 Kidney 12 (24) 
 Heart 4 (8) 
 Liver 1 (2) 
 Lung 1 (2) 
Systemic autoimmune disease‡ 12 (24) 
Hematologic malignancies 10 20) 
 Aggressive B cell lymphoma 6 (12) 
 Acute lymphoid leukemia 3 (6) 
 Acute myeloid leukemia 1 (2) 
No. lymphocytes/mm3, median (IQR) 552 (287–1,210) 
Gamma globulin, g/L, median (IQR) 6 (4–10) 
Trimethoprim/sulfamethoxazole prophylaxis 12 (24) 
*Values are no. (%) except as indicated. IQR, interquartile range. 
†Azathioprine, n = 4 (8%); methotrexate, n = 1 (2%). 
‡Connective tissue disease, n = 2; glomerulonephritis, n = 1; periarteritis nodos, n = 1; bullous pemphigoid, n = 1; Evans syndrome, n = 1; IgA vasculitis, 
n = 1; type 1 diabetes, n = 1; myasthenia gravis, n = 1; sarcoidosis, n = 1; chronic inflammatory demyelinating polyradiculoneuropathy, n = 1; 
inflammatory bowel disease, n = 1. 
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Table 2. Patient clinical and radiologic findings from the intensive care unit in study of critically ill patients with visceral Nocardia 
infection, France and Belgium, 2004–2023* 
Findings Nocardiosis cases, n = 50 
Clinical features 
 Chronic cough† 36 (72) 
 No. previous antibacterial therapy lines 2 (0–3) 
 Fever 29 (58) 
 Co-infection 22 (44) 
  Fungal‡ 11 (22) 
  Bacterial§ 8 (16) 
  Viral¶ 5 (10) 
 Lung involvement 49 (98) 
 Oxygen therapy at admission 32 (64) 
 Oxygen flow, L/min, median (IQR) 8 (4–15) 
 Respiratory rate, L/min, median (IQR) 30 (25–36) 
 Hemoptysis 8 (16) 
 Neurologic involvement 24 (48) 
 Confusion 21 (42) 
 Coma 16 (32) 
 Motor deficit 13 (26) 
 Cranial nerve lesions 10 (20) 
 Meningitis 8 (16) 
 Epilepsy 6 (12) 
 Glasgow score, median (IQR) 13 (12–14) 
 Skin/muscle abscess 10 (20) 
 Disseminated infection 24 (48) 
 Organ failures 45 (90) 
  Multiorgan 25 (50) 
  Respiratory 33 (66) 
   Including acute respiratory distress syndrome 3 (8) 
  Acute kidney injury 11 (22) 
  Hemodynamic 17 (34) 
  Neurologic 19 (38) 
  Hepatic 4 (8) 
  Sequential organ failure assessment score, median (IQR) 5 (3–7) 
Imaging findings 
 Computed tomography scan 
  Lung consolidation 43 (86) 
  Lung nodules with cavitation 26 (52) 
  Pleural effusion 15 (30) 
  Interstitial syndrome 8 (16) 
  Alveolar hemorrhage 6 (12) 
  Lung lobes involved 
   1 lobe  16 (32) 
   Multilobe  16 (32) 
   Bilateral  18 (36) 
 Brain magnetic resonance imaging, n = 23 
  Single lesion 9 (39) 
  Multiple lesions 14 (61) 
   >10 mm  17 (74) 
   <10 mm  6 (26) 
  Brain herniation 6 (26) 
  Ventriculitis 2 (9) 
Diagnostics methods 
 Bronchoalveolar lavage analysis 42 (84) 
 Diagnostic yield, n = 42 25 (60) 
 Computed tomography–scan targeted biopsy 18 (36) 
 Blood culture positivity 7 (14) 
 Nocardia PCR-based assay positivity 26 (52) 
 Nocardia culture positivity 24 (48) 
 Diagnosis made in intensive care unit 23 (46) 
*Values are no. (%) except as indicated. IQR, interquartile range. 
†Chronic cough is defined as a cough persisting for >8 weeks. 
‡Fungal infections (n = 11) comprised 8 invasive Aspergillus sp. infections, 2 Pneumocystis jirovecii infections, and 1 case of cutaneous candidosis. 
§Comprised 7 gram-negative bacillus co-infections and 1 methicillin-resistant Staphylococcus aureus co-infection. 
¶Virus infections (n = 5) comprised 3 influenza infections (including 1 H1N1 co-infection) and 2 respiratory syncytial virus infections. 
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Glasgow Coma Scale score ≤8) or septic shock. Over-
all, 45 (90%) patients exhibited >1 organ failure; the 
most common were respiratory failure (33 [66%]) and 
multiorgan dysfunction (25 [50%]). Computed to-
mography scans revealed alveolar consolidations in 
43 (86%) patients and cavitated nodules in 26 (52%) 
patients. Magnetic resonance imaging of the brain in 
23 (46%) patients revealed multiple lesions in 14 (61%) 
patients and brain herniation in 6 (26%) patients.

Most (62%) patients received dual therapy or 
triple therapy, including aminoglycosides (10 [20%]), 
most commonly trimethoprim/sulfamethoxazole 
(80%) and carbapenem (51%) (Appendix Table 1, 
https://wwwnc.cdc.gov/EID/article/30/2/23-
1440-App1.pdf). Upon admission to the intensive 
care unit, 32 patients (63%) required oxygen support, 
and 19 (38%) required mechanical ventilation. The 
ICU mortality rate was 22%, and the all-cause mortal-
ity rate at 1 year was 44%. In multivariable analysis, 
factors significantly associated with 1-year mortal-
ity included vasopressor use, fungal coinfection, and 
neurologic involvement (Appendix Table 2).

We compared cases of Nocardia infection against 
cases of other immunocompromised pneumonia in 
patients admitted to the ICU (2,11) (Figure 1; Ap-
pendix Table 3). Patients with Nocardia infection 
were younger and had a higher prevalence of auto-
immune diseases and solid organ transplants. Lung 
consolidation (86% vs. 27%; p = 0.001) and cavitated 
nodules (52% vs. 1%; p = 0.001) were significantly 

more frequent. Upon admission to the ICU, pa-
tients with nocardiosis were rated as more severe 
on the Sepsis-related Organ Failure Assessment and 
Glasgow Coma Scale compared with patients with 
other immunocompromised pneumonia, but there 
was no significant difference in ICU mortality (22% 
vs. 32%; p = 0.184).

Conclusions
Based on the findings for our study population, criti-
cally ill patients with nocardiosis exhibit frequent 
and severe pulmonary and neurologic involvement; 
44% of patients die (22 of 50) and 14% (7 of 50) ex-
perience disability at the 1-year mark. Several co-
horts have documented Nocardia infections within 
diverse immunocompromised populations, report-
ing mortality rates of 16%–40% (3,4). In our analysis, 
we conducted a comparative assessment with other 
pneumonia cases in immunocompromised patients 
(9) to elucidate situations warranting consideration of 
Nocardia infection. Cellular immunosuppression ap-
pears to be necessary for the development of a severe 
Nocardia infection, which is consistent with previous 
studies (4,6,10), particularly among organ transplant 
recipients, patients with systemic autoimmune dis-
eases, and those with hematologic malignancies. Co-
infections, particularly fungal ones, were reported 
as an independent prognostic factor for mortality in 
this population (11) and could partially explain this 
initial severity. Such findings highlight the burden of  
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Figure. Comparison 
between nocardiosis and 
other immunocompromised 
pneumonia in a study of 
patients admitted to intensive 
care units in France and 
Belgium during 2004–2023. 
Other immunocompromised 
pneumonia data extracted from 
the HIGH clinical trial (9). OR, 
odds ratio.
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immunosuppression and the need for vigilance in 
assessing concurrent infections in this population. 
Two recent studies suggest that trimethoprim/sul-
famethoxazole could be protective against Nocardia 
infections (11,12). Because invasive Nocardia infec-
tions are rare, results of our study may lack statisti-
cal power, and significant prognostic or distinctive 
factors might have gone unnoticed. However, we be-
lieve the inclusion of patients from 22 ICUs, with few 
cases missing data, provides a relevant overview of 
nocardiosis in critically ill patients.

In summary, in this study of critically ill patients 
with nocardiosis, we observed high mortality rates, 
posing a diagnostic challenge for critical care practi-
tioners. Our findings emphasize the need for a height-
ened level of vigilance in monitoring patients for No-
cardia infection in the intensive care setting, especially 
among immunocompromised patients who exhibit 
pulmonary nodules and neurologic involvement.

This study received approval from the ethics committee of 
the “Société de Réanimation de langue Française” (reference 
22–055). Due to the retrospective nature of the study, patient 
consent was waived in accordance with French law.
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The main human echinococcal infections are 
caused by Echinococcus granulosus sensu lato, 

which causes cystic echinococcosis (CE), and E. 
multilocularis, which causes alveolar echinococ-
cosis (AE). The parasites have different life cycles 
and cause different diseases (1). E. granulosus s.l./
CE is endemic worldwide in livestock-raising areas, 
including Italy, and accounts for most human echi-
nococcal infections (2). The parasite is transmitted 
in a domestic cycle between dogs and livestock and 
causes generally benign disease in humans marked 
by the formation of well-defined fluid-filled cysts 
mostly in the liver (1,2). E. multilocularis/AE is en-
demic to the Northern Hemisphere and is transmit-
ted in a sylvatic cycle between wild canids (e.g., 
foxes) and small rodents (e.g., voles) (2).

Humans become infected with the 2 pathogens 
by accidental ingestion of parasite eggs from material 
contaminated with infected definitive host feces. In 
Europe, North America, and Asia, expanding distri-
bution has been observed in recent decades (2). In Eu-
rope, the historical endemic areas are Austria, France, 
Germany, and Switzerland, and that range has  

expanded to include Eastern and Northern Europe 
(3). In Italy, infected foxes have been reported over 
the past 20 years in the Trentino-Alto Adige region 
(4–7). Autochthonous animal transmission might 
occur in the area (8), and prevalence in foxes seems 
to be increasing (9). A 2017 survey conducted in the 
Liguria region first detected E. multilocularis in fecal 
samples of dogs and wolves, suggesting a southward 
expansion of the parasite (10) (Appendix Figure,  
https://wwwnc.cdc.gov/EID/article/30/2/23-
1527-App1.pdf), as predicted by modeling (3). Sur-
veillance of E. multilocularis in Europe is usually 
conducted voluntarily (11), and no structured surveil-
lance program for animal infection in Italy occurs be-
side targeted surveillance through research projects.

We report a confirmed autochthonous human 
AE case in Italy. Ethics approval was not necessary 
because data were derived from routine clinical 
practice. The patient consented to the publication of 
this report.

The Study
In September 2023, a 55-year-old man in Italy was 
referred from his local hospital in Bolzano province, 
Trentino-Alto Adige region, to IRCCS Sacro Cuore 
Don Calabria Hospital, upon suspicion of CE. The 
patient was born and lived in Trentino-Alto Adige 
and had never traveled abroad; he worked in the 
tertiary sector and did not report contact with wild 
carnivores. He also did not report risk factors for E. 
granulosus infection.

The suspicion of CE was posed in June 2023, 
when he underwent abdominal ultrasound for a 
mild thrombocytopenia, revealing 5 recently devel-
oped small hepatic lesions (ultrasound results in 2016 
were unremarkable). The lesions were described as 
septated and hypodense with no contrast enhance-
ment and no calcifications on computed tomogra-
phy performed in June 2023 (Figure, panels A–D), 
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In September 2023, a patient in Italy who had never trav-
eled abroad was referred for testing for suspected hepat-
ic cystic echinococcosis. Lesions were incompatible with 
cystic echinococcosis; instead, autochthonous alveolar 
echinococcosis was confirmed. Alveolar echinococcosis 
can be fatal, and awareness must be raised of the infec-
tion’s expanding distribution.
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hypointense in T1-weighted magnetic resonance im-
aging (MRI), and hyperintense in T2-weighted MRI 
(Figure, panels E–H), with no diffusion restriction. 
No other lesions were present on total body imaging. 
Results of Echinococcus serologic testing using West-
ern blot method were positive, but banding pattern 
was not reported.

We excluded the diagnosis of CE on the basis 
of the lesions’ morphology on ultrasound, which 
did not show any CE pathognomonic or compat-
ible features. We observed 5 lesions: 1 with 2.3 cm 
diameter in hepatic segment I, 1 of 0.9 cm in VI, 2 

subcapsular of 2.7 cm and 0.5 cm in VII, and 1 of 1.6 
cm in segment VIII (adjacent to the median hepatic 
vein). The lesions were hypoechoic with irregular 
margins, particularly the lesion in segment I, which 
had fine and tightly packed septations (Figure, 
panels I–L). The lesions were not enhancing on con-
trast-enhanced ultrasound (Figure, panels I–L). Se-
rologic testing using the Echinococcus Western Blot 
IgG (LDBIO Diagnostics, https://ldbiodiagnostics.
com) was positive for Echinococcus spp., showing 
genus-specific 7 kDa and 26–28 kDa bands, not 
assignable specifically to a species. Results of an  
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Figure. Diagnostic tests for patient in Italy with confirmed autochthonous case of human alveolar echinococcosis, 2023; white arrows 
indicate lesions. A–D) Contrast-enhanced computed tomography arterial phase. E–H) T2-weighted magnetic resonance imaging. 
I–L) Ultrasonography and contrast-enhanced ultrasonography. M–P) 18F-FDG-PET scan delayed acquisition (4 hours). Q–T) Em2 
immunohistochemistry indicating small particles of Echinococcus multilocularis (spems) stained in red in patient’s sample (original 
magnification ×2.5 [Q] and ×20 [R]); positive alveolar echinococcosis sample control (original magnification ×20 [S]); Em2 negative 
control (cystic echinococcosis case, negative laminated layer; original magnification ×20) (T).
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18F-FDG-PET scan showed light hypermetabolism 
in delayed (4-hour) acquisitions (Figure, panels 
M–P). Taken together, those results made the le-
sions highly indicative of AE. 

We performed a biopsy of the only accessible le-
sion, located in segment VI, and submitted the speci-
men to the German Reference Laboratory for Tropical 
Parasites at the Bernhard-Nocht Institute for Tropi-
cal Medicine (Hamburg, Germany). A serum sample 
also submitted for further serologic testing showed 
low antibody titers against crude antigen prepara-
tions of E. multilocularis and E. granulosus (1:40–1:80 in 
indirect hemagglutination [negative <1:20] and 30–40 
arbitrary units in ELISA [negative <20]). Results of 
Em18-ELISA (12) were negative. Histology revealed 
necrotic granuloma and fibrosis without PAS-positive 
structures. Results of PCR testing targeting cestode 
cytochrome oxidase and Echinococcus-specific 12S 
rDNA (13) were negative. In contrast, immunohis-
tochemistry with the monoclonal antibody Em2G11 
(14) stained positive for small particles of E. multilocu-
laris (spems) (Figure, panels Q–R). Spems consist of 
outer laminated layer of Em2 antigen in close proxim-
ity to AE lesions and thus confirmed the diagnosis of 
AE, defined by the WHO Informal Working Group 
on Echinococcosis (WHO-IWGE) as the presence of 
clinical-epidemiologic factors plus compatible imag-
ing findings plus seropositivity for echinococcosis 
plus compatible histopathology (15). The laboratory 
uses Em2G11-IHC regularly for suspected AE. The 
immunohistochemistry has been extensively vali-
dated and is also used by other laboratories; CE le-
sions and other cestode lesions stain negatively (14), 
whereas lesions by neotropical E. vogeli stain faintly 
(Appendix reference 16).

Staging according to the WHO-IWGE (1,15) was 
P2N0M0 (i.e., central lesions with proximal vascular 
and/or biliary involvement of 1 lobe, no regional in-
volvement, no metastasis). We adopted a conserva-
tive management approach because removing the 
lesions would require major surgery and because 
the results of Em18 serologic testing and 18F-FDG-
PET scan suggested low-viability parasites (1,13). At 
the time of publication, the patient was receiving al-
bendazole (400 mg 2×/d) with fat-containing meals 
and tolerating the medication well. Follow-up with 
contrast-enhanced ultrasound and serologic testing 
was scheduled every 6 months, MRI in 1 year, and 
18F-FDG-PET scan in 2 years (1).

Conclusions
AE is a complex disease with a high fatality rate (0%–
25% 10-year survival) if untreated (1). It primarily  

affects the liver and is characterized by infiltrating, met-
astatic, tumor-like behavior (1). Unlike CE, AE lesions 
have no pathognomonic signs on imaging, and the dif-
ferential diagnosis is mainly tumors (1). Even in AE-
endemic areas, misdiagnosis and consequent incorrect 
treatment occurs frequently (1; Appendix reference 17).

Curative treatment options include surgery 
and albendazole if radical resection is achievable, 
or albendazole alone indefinitely in other cases (1). 
Treatment interruption can be envisaged in selected 
cases when serologic testing and 18F-FDG-PET scans 
become negative (1). In this case, the Western blot 
banding pattern, low antibody concentrations against 
crude parasite antigens, negativity of Em18 ELISA, 
and faint hypermetabolism on 18F-FDG-PET scan in-
dicate low parasite viability (1,13). PCR on bioptic 
material was negative, explained by the absence of 
cell-containing larval structures on histology; how-
ever, E. multilocularis–specific immunochemistry was 
positive, confirming the diagnosis (1,13).

A report from 1928 mentioned 2 human AE cases 
identified in South Tyrol in 1906 and 1922 (2), but re-
ports of human confirmed AE in Italy are otherwise 
lacking; a 2019 research review identified no reports 
from this country (12). Italian Hospital Discharge Re-
cords reports cases labeled as AE according to Inter-
national Classification of Diseases, 9th Edition (Ap-
pendix reference 18). From the analysis of cases that 
we could examine (Appendix reference 19), those cas-
es seem to be CE with multiloculated cyst morphol-
ogy (CE2 and CE3b stages according to WHO-IWGE), 
erroneously recorded as E. multilocularis (1).

An expanding area of endemicity of E. multilocularis 
in Europe has been observed and predicted by model-
ing (3). Because of the high lethality of this disease if 
misdiagnosed and mistreated, physicians, especially 
in Italy’s alpine regions, must be informed about this 
infection and its possibility even in patients who have 
never lived in or traveled to known endemic areas.
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Natural infections and experimental studies have 
indicated that diverse species of mammals can 

be infected with SARS-CoV-2 (1). The angiotensin-
converting enzyme 2 receptor of white-tailed deer is 
closely homologous to that of humans. Angiotensin-
converting enzyme 2 modeling studies predict that 
cervids, including sika deer (Cervus nippon), reindeer 
(Rangifer tarandus), and Père David’s deer (Elaphurus 
davidianus), are susceptible to SARS-CoV-2 (2–4). 
White-tailed deer are susceptible to experimental 
infection with SARS-CoV-2, subsequently shed-
ding infectious virus and infecting naive conspecif-
ics (5–7). Surveillance studies have demonstrated 
SARS-CoV-2 infection in free-ranging and captive 
white-tailed deer in the United States and Canada, 
determined by viral RNA detection, antibodies to 
SARS-CoV-2, or virus isolation (8–11). After their 
displacement in humans, the Alpha and Delta vari-
ants of concern persisted in white-tailed deer popu-
lations (12,13). Because SARS-CoV-2 is likely to have 
repeatedly spilled over from humans to white-tailed 
deer and circulated within North America deer pop-
ulations, we assessed susceptibility of elk (Cervus ca-
nadensis) and mule deer (Odocoileus hemionus) to the 
Delta variant of SARS-CoV-2. All animal work was 
approved by the Colorado State University (Fort 

Collins, Colorado, USA) Institutional Animal Care 
and Use Committee.

The Study
We studied 6 weanling elk (all female) and 6 yearling 
mule deer (5 female, 1 male). Animals were procured 
from private vendors and group housed (3 individu-
als of the same species/room) in an animal Biosafety 
Level 3 facility at Colorado State University. Before 
study commencement, all animals were seronegative 
for SARS-CoV-2.

We passaged the Delta variant of SARS-CoV-2 
(BEI Resources, National Institute of Allergy and 
Infectious Diseases, National Institutes of Health: 
isolate hCoV-19/USA/MD-HP05647/2021 [lineage 
B.1.617.2]) 1 time in Vero cells. We then sequenced 
the isolate by using a next-generation pipeline and 
detected a single synonymous consensus change at 
amino acid 410 in nonstructural protein 14 (C to T 
transition) (GenBank accession no. OR758451) (14). 
We then intranasally inoculated 2 animals/room with 
3.7–4.5 log10 PFU of virus diluted in phosphate-buff-
ered saline (confirmed by back-titration of inoculum 
on Vero cells); the third animal in each room served 
as a contact.

We assessed the animals daily for signs of clini-
cal disease (e.g., lethargy, anorexia, nasal discharge, 
sneezing, coughing, and dyspnea). One mule deer 
(no. 3) was tachypneic and coughing at arrival, and 
clinical signs continued throughout the week-long 
acclimation period until euthanasia at 3 days post-
inoculation (dpi) according to the study schedule. 
Because that respiratory pattern was present before 
study commencement, we did not attribute it to 
SARS-CoV-2 infection. No other clinical signs were 
observed in any animal.

At 0, 1, 2, 3, 5, 7, and 14 dpi, we collected oral, 
nasal, and rectal swab samples. Because no elk shed 
infectious virus orally or nasally, we did not assess 
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To assess the susceptibility of elk (Cervus canadensis) 
and mule deer (Odocoileus hemionus) to SARS-CoV-2, 
we performed experimental infections in both species. 
Elk did not shed infectious virus but mounted low-level 
serologic responses. Mule deer shed and transmitted vi-
rus and mounted pronounced serologic responses and 
thus could play a role in SARS-CoV-2 epidemiology.
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elk rectal swab samples. We performed reverse tran-
scription PCR on elk oral and nasal swab samples 
collected through 7 dpi. We recovered SARS-CoV-2 
RNA from samples from 3 directly inoculated elk 
collected at 1–5 dpi; cycle threshold values for all 3 
were >28 (Table 1). Plaque assay showed that 3 of 
the 4 directly inoculated mule deer shed infectious 
virus orally and nasally (Figures 1, 2). Oral shedding 
of virus commenced at either 2 or 3 dpi and resolved 
by 7 dpi for directly inoculated mule deer. One con-
tact mule deer shed virus orally at 7 dpi (Figure 1). 
Nasal shedding of virus was more staggered; inocu-
lated animals initially shed virus at 1, 2, or 3 dpi, 
continuing through 7 dpi (in the 2 direct inoculants 
remaining at that time). For contact mule deer, only 
1 nasal sample per animal was positive, collected at 
either 3 or 7 dpi (Figure 2). Infectious virus was not 
recovered from any mule deer rectal samples.

At 3 dpi, we euthanized and necropsied animals 
from 1 room of each species (n = 3; 2 inoculants and 1 
contact) and collected tissues (nasal turbinates, trachea, 
heart, lung, liver, spleen, kidney, small intestine) for 
virus isolation and histopathologic examination. Al-
though we did not detect infectious virus in any elk tis-
sues, we recovered infectious virus from the nasal tur-
binates and trachea of 1 directly inoculated mule deer.

The remaining animals were maintained until 21 
dpi, when they were euthanized and underwent nec-
ropsy with the same tissues collected into formalin. 
Blood from those animals was collected weekly and 
evaluated for a serologic response to SARS-CoV-2 by 
plaque reduction neutralization test (15). A low-level 
antibody response developed in both directly inocu-
lated elk; peak neutralizing titers were 1:20 at 21 dpi. 
The contact elk did not seroconvert. Virus-neutraliz-
ing antibodies developed in all mule deer held until 
21 dpi; peak titers reached >1:1,280 (Table 2).

At necropsy, we observed no gross lesions in any 
animals. A veterinary pathologist evaluated all re-
spiratory tissues from all mule deer. The tracheas of 
all mule deer were histologically unremarkable, but 
multifocal accumulations of mononuclear leukocytes 
in the absence of frank inflammation were noted in 
the nasal turbinates, lungs, or both from 5 mule deer. 
Elk tissues did not undergo histologic evaluation.

Conclusions
If wildlife populations serve as maintenance hosts 
for SARS-CoV-2, the implications could be substan-
tial. The persistence of virus variants already dis-
placed in the human population, virus evolution, 
and spillback into a human have all been suggested 
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Table 1. PCR cycle threshold values for oral and nasal swab samples from elk experimentally infected with SARS-CoV-2* 

Elk no. (infection route) 
Oral swab sample, postinoculation day 

 
Nasal swab sample, postinoculation day 

0  1 2 3 5  7 1 2  3 5 7 
1 (direct) – 36.9 – 35.2 NA NA  – – – NA NA 
2 (direct) – – – – NA NA  35.6 35.0 – NA NA 
3 (contact) – – – – NA NA  – – – NA NA 
4 (direct) – – – – – –  33.6 29.9 34.4 26.5 – 
5 (direct) – – – – – –  – – – – – 
6 (contact) – – – – – –  – – – – – 
*NA, not applicable because elk were euthanized on day 3; RT-PCR, reverse transcription PCR; –, no SARS-CoV-2 RNA was detected. 

 

Figure 1. Oropharyngeal 
shedding of SARS-CoV-2 
by experimentally infected 
mule deer as detected by 
plaque assay. Mule deer 2 
was euthanized 3 days after 
infection. Mule deer 2, 4, and 
5 were directly inoculated, and 
mule deer 6 was a contact 
animal.
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to have occurred in white-tailed deer populations 
(11,12), although it is still unclear whether those 
deer will serve as maintenance hosts of the virus. 
Evaluating the susceptibility of other cervid species 
to SARS-CoV-2 will help direct surveillance efforts 
among free-ranging wildlife, which are key to un-
derstanding the epidemiology of SARS-CoV-2 and 
implementing control measures.

We used the Delta variant of SARS-CoV-2 to 
challenge animals in this experiment on the basis of 
evidence that this variant of concern was prevalent in 
white-tailed deer populations (13). Our results indi-
cate that although elk seem to be minimally suscep-
tible to infection with the Delta variant, mule deer are 
highly susceptible and capable of transmitting the vi-
rus. Inoculated elk showed no clinical signs, did not 
shed infectious virus, and mounted low-level humor-
al titers. The genomic RNA recovered from elk could 
represent residual inoculum. Infection in mule deer 
was subclinical, and although immune activation in 
the absence of frank inflammation was observed in 
respiratory tissues from 5 of the 6 animals, that find-
ing may or may not be linked to SARS-CoV-2 infec-
tion. Of note, all mule deer used in this study were 

incidentally tested to assess their chronic wasting dis-
ease (CWD) status. Animals no. 1 and 3 were CWD 
positive, although it is unlikely that a concurrent in-
fection with CWD greatly affected their susceptibility 
to infection with SARS-CoV-2 because only 1 of those 
animals became infected with SARS-CoV-2 while the 
other was the sole mule deer in our study that did not.

Experimental infection of elk and mule deer with 
SARS-CoV-2 revealed that although elk are mini-
mally susceptible to infection, mule deer become 
infected, shed infectious virus, and can infect naive 
contacts. Mule deer are less widely distributed than 
white-tailed deer but still represent a population of 
cervids that is frequently in contact with humans 
and domestic animals. Therefore, susceptibility of 
mule deer provides yet another potential source 
for SARS-CoV-2 spillover or spillback. At this time, 
there is no evidence that wildlife are a significant 
source of SARS-CoV-2 exposure for humans, but the 
potential for this virus to become established in nov-
el host species could lead to virus evolution in which 
novel variants may arise. Therefore, continued sur-
veillance of species at risk, such as white-tailed and 
mule deer, is needed to detect any variants quickly 
and prevent transmission.
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Human adenovirus (HAdV) infections can cause 
a range of symptoms but most commonly re-

sult in respiratory illnesses (1). Most HAdV infec-
tions are not clinically severe; however, more seri-
ous illness can occur (2,3). A total of 51 recognized 
HAdV serotypes and >100 genotypes (classified 
into 7 species, HAdV-A–G) have been characterized 
globally (4). Because testing does not change clinical 
management, persons with HAdV infections often 
do not receive a virus infection diagnosis. If adeno-
virus testing is available, it is usually performed as 
part of a multipathogen PCR panel. Adenovirus in-
fection outbreaks caused by transmission through 
respiratory droplets and fomites have been reported 
in various congregate settings, including nursing 
homes (5), military recruit barracks (6–8), and col-
lege campuses (9–11). The incubation period varies 
from 2–14 days.

In early February 2022, a university campus in 
South Carolina, USA, notified its regional health de-
partment of 4 students with HAdV infections who 
had sought care for respiratory symptoms the previ-
ous week at student health services (SHS). Nasopha-
ryngeal swab specimens were collected and tested 
by using a multipathogen PCR panel for respira-
tory pathogens; HAdV was detected in all 4 patient 
samples. SHS contacted the South Carolina Depart-
ment of Health and Environmental Control and the 
Centers for Disease Control and Prevention (CDC) to 
request typing of the HadV specimens to determine 
if >1 HadV type was circulating. Partial genomic se-
quencing showed that HadV was the same type in 
all 4 specimens. Cases of HadV infections continued 
to increase on campus; therefore, the university, state 
and local health departments, and CDC investigated 
the scope of the outbreak. The timing of this outbreak 
during the COVID-19 pandemic enabled unique ob-
servations and responses. We describe the outbreak, 
the university’s response intended to prevent further 
transmission, and implications of HadV infection 
outbreaks in congregate settings, such as universi-
ties. The South Carolina Department of Health and 
Environmental Control Institutional Review Board 
deemed this work was non–human subjects research. 
This activity was reviewed by CDC and was con-
ducted consistent with applicable federal law and 
CDC policy.

The Study
We analyzed laboratory and exposure data from 
symptomatic students who sought care at the uni-
versity’s health clinic during January 1–May 31, 2022. 
SHS staff collected nasal or nasopharyngeal swab 
samples from students and tested those specimens 

Identification of Large Adenovirus 
Infection Outbreak at University  

by Multipathogen Testing,  
South Carolina, USA, 2022

Marco E. Tori, Judith Chontos-Komorowski, Jason Stacy, Daryl M. Lamson, Kirsten St. George,  
Avril T. Lail, Heather A. Stewart-Grant, Linda J. Bell, Hannah L. Kirking, Christopher H. Hsu

358	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 2, February 2024

DISPATCHES

Author affiliations: South Carolina Department of Health and  
Environmental Control, Columbia, South Carolina, USA  
(M.E. Tori, L.J. Bell); Centers for Disease Control and Prevention,  
Atlanta, Georgia, USA (M.E. Tori, H.L. Kirking, C.H. Hsu);  
University of South Carolina Student Health Services, Columbia 
(J. Chontos-Komorowski, J. Stacy, A.T. Lail, H.A. Stewart-Grant); 
New York State Department of Health, Albany, NY, USA  
(D.M. Lamson, K. St. George)

DOI: https://doi.org/10.3201/eid3002.230623

Using multipathogen PCR testing, we identified 195 stu-
dents with adenovirus type 4 infections on a university 
campus in South Carolina, USA, during January–May 
2022. We co-detected other respiratory viruses in 43 
(22%) students. Continued surveillance of circulating vi-
ruses is needed to prevent virus infection outbreaks in 
congregate communities.



Adenovirus Infection Outbreak, South Carolina, USA

by using BioFire RSP 2.1 multiplex PCR (bioMérieux, 
https://www.biomerieux.com). We defined positive 
cases as students who manifested respiratory or con-
stitutional symptoms and were HadV-positive in the 
multipathogen PCR panel. 

SHS routinely collected demographic informa-
tion, symptoms, and medical history from students 
seeking care at the university clinic. Those data were 
supplemented from March 22–May 10, 2022, by us-
ing focused call-back interviews of students who 
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Table 1. Characteristics of university students in study identifying a large adenovirus infection outbreak by multipathogen testing, 
South Carolina, USA, 2022* 
Characteristics Adenovirus infections 
Total no. infected students 195 
Sex 
 M 97 (50) 
 F 98 (50) 
Median age, y (range) 19 (18–24) 
Academic class 
 Freshman 76 (39) 
 Sophomore 58 (30) 
 Junior 33 (17) 
 Senior 25 (13) 
 Graduate student 3 (1) 
Residence 
 On-campus dormitory 115 (59) 
 On-campus apartment 6 (3) 
 Off campus 68 (35) 
 Unknown 6 (3) 
Area of academic study 
 Prebusiness or business 41 (21) 
 Finance 17 (9) 
 Biology 17 (9) 
 Psychology 13 (7) 
 Public health 9 (5) 
 Sports/entertainment management 8 (4) 
 Undeclared 8 (4) 
 Political science 7 (4) 
 All others 75 (38) 
Symptoms† 
 Cough 149 (76) 
 Sore throat 166 (85) 
 Fever 146 (75) 
 Headache 120 (62) 
 GI 52 (27) 
 Conjunctivitis 20 (10) 
Smoking or vaping 30 (15) 
Comorbidities 
 Asthma 14 (7) 
 Immunocompromised‡ 2 (1) 
 Other or not reported 179 (92) 
Co-detected respiratory viruses§ 
 Human rhinovirus/enterovirus 28 (14) 
 Seasonal coronavirus¶ 9 (5) 
 SARS-CoV-2 8 (4) 
 Parainfluenza, types 2–4 6 (3) 
 Influenza A 1 (1) 
 RSV 1 (1) 
 Human metapneumovirus 1 (1) 
Adenovirus typing by hexon gene sequencing 

Human adenovirus type 4 30 (15) 
Not typed# 165 (85) 

*Values are no. (%) except as indicated. 
†Students could report multiple symptoms. 
‡Immunocompromised because of methotrexate or immunomodulatory agent treatment. 
§Other respiratory viruses were detected by using multipathogen PCR. A total of 43 students tested positive for human adenovirus (HAdV) and >1 other 
respiratory pathogen. Ten of 43 students tested positive for HAdV and >2 other pathogens; 5 of those students had HAdV, SARS-CoV-2, and human 
rhinovirus/enterovirus. One student tested positive for HAdV, SARS-COV-2, parainfluenza 2, and human rhinovirus/enterovirus. Additional testing, 
including typing or genomic sequencing, was not performed on specimens that were negative for HAdV. 
¶Seasonal coronavirus types were OC43, 229E, NL63, and HKU1. 
#Typing not attempted or not possible. 
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had confirmed HadV infections to identify potential 
transmission events and locations. We used the ag-
gregate interview data to examine student behaviors 
and activities that might have been associated with 
transmission events.

We considered students who tested positive for 
HadV plus another respiratory pathogen on the mul-
tipathogen panel to have pathogen co-detections. We 
compared demographic characteristics, symptoms, 
and illness severity between students who had co-de-
tections and those who were only infected with HadV 
by using t-tests.

During January 1–May 31, 2022, a total of 687 
students were tested by using the respiratory mul-
tipathogen PCR panel after seeking care at SHS for 
acute respiratory or systemic symptoms. Of those 687 
students, 195 (28.4%) tested positive for HadV; HadV 
infections were distributed evenly between men 
and women. The median age of infected students 
was 19 years (range 18–24 years) (Table 1). The most 
common symptoms reported by students were sore 

throat (85%), cough (76%), fever (75%), and headache 
(62%). Nausea and vomiting were reported by 27% 
of students; conjunctivitis was reported by 10% of 
students. No known emergency department visits, 
hospitalizations, or deaths were reported among any 
HadV-infected students. HadV-4 was identified in 30 
swab specimens by partial genomic sequencing of the 
hexon gene (Appendix, https://wwwnc.cdc.gov/
EID/article/30/2/23-0623-App1.pdf). We randomly 
selected 8 of those 30 sequences for whole-genome se-
quencing and performed phylogenetic analyses (Ap-
pendix Figure). 

Weekly case counts increased slowly during 
January–February and more rapidly after the week 
of March 6 (university spring break) (Figure). Rapid 
and detailed attention to surface decontamination in 
academic and residential buildings on campus was 
reported in February and early March. Mandatory 
masking recommendations as part of COVID-19 miti-
gation efforts were lifted in March. Cases fell precipi-
tously after students left campus for summer break 
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Figure. Number of adenovirus 
(A) and COVID-19 (B) cases at 
a university campus in South 
Carolina in study identifying 
a large adenovirus infection 
outbreak by multipathogen 
testing, South Carolina, USA, 
January 1–May 31, 2022. 
Numbers above bars indicate 
number of cases at each 
weekly time point. Vertical lines 
between bars indicate timelines 
of university events affecting 
the outbreak. Asterisks indicate 
the week of university spring 
break, after which weekly case 
counts began to rapidly increase. 
DHEC, Department of Health 
and Environmental Control; 
SHS, student health services.
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(week of May 1); no cases were reported after May 10, 
2022. The outbreak investigation was closed on June 7 
after 2 full incubation periods (total of 28 days).

Of all HadV-infected students, infections oc-
curred most in first-year (39%) and second-year (30%) 
students. Most (115 [59%]) students lived in on-cam-
pus dormitories. Three of 22 affected dormitories had 
>10 students with confirmed HadV infections during 
the outbreak. We did not observe a preponderance of 
one academic area of study that might suggest clus-
tering according to academic departments.

Among the 195 students who tested positive for 
HadV, >1 other respiratory pathogen was also detect-
ed in 43 (22%) students (Table 2). The most common 
co-detected viruses were human rhinovirus/entero-
virus (28 [65%]), seasonal coronaviruses (9 [21%]), 
and SARS-CoV-2 (8 [19%]). Most (42 [98%]) HadV-in-
fected students who had co-detected viruses reported 
a sore throat, compared with 124 (82%) students in-
fected with only HadV (p = 0.001). More HadV-only–
infected students (13%) reported conjunctivitis than 
students who had co-detected viruses (2%; p = 0.001). 
We did not observe a substantial difference in dis-
ease severity (i.e., need for intravenous fluids) among 
HadV-only–infected students compared with those 
who had virus co-detections (4% vs. 2%; p = 0.07).

The university clinic staff began interviewing 
students with confirmed HadV infection on March 
21. Interviews were completed for 96 of 121 students 
with HadV (79% response rate) before the end of the 
outbreak. Most (62 [65%]) students did not know 
where they had acquired infection; 9 (9%) students 
had a known exposure to someone with confirmed 

HadV infection, and 18 (19%) students had exposure 
to someone with similar symptoms before illness 
onset. Seventy-five (78%) students had not traveled 
away from campus before their symptoms began. We 
were unable to link infections to campus or off-cam-
pus locations because of limited sample size.

Conclusions
This outbreak of respiratory illness attributed to 
HadV-4 was among the largest described HadV 
outbreaks on a university campus (9,12); symptoms 
and transmission were similar to other large HadV 
outbreaks in congregate settings (13). Infected stu-
dents were mostly freshmen and sophomores living 
in dormitories, highlighting increased transmission 
in close university settings. The outbreak occurred 
during the COVID-19 pandemic, and detection of 
HadV might have been delayed without availability 
of multipathogen testing. The outbreak on campus 
appeared to end when student density decreased 
during summer break, and further transmission was 
not observed among the limited number of students 
remaining on campus.

SHS was able to detect and respond quickly to 
a potentially serious virus infection outbreak by us-
ing multipathogen testing. Furthermore, this testing 
enabled identification of students who were infected 
with multiple pathogens. In addition to SARS-CoV-2, 
many other respiratory viruses can be detected in 
university students, including those that cause ill-
ness and outbreaks. As universities move beyond 
COVID-19 as the main public health priority affecting 
students and campuses, renewed attention to other 
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Table 2. Comparison of university students with HAdV infection only and those with respiratory virus co-detections in study identifying 
a large adenovirus infection outbreak by multipathogen testing, South Carolina, USA, 2022* 
Characteristics HAdV infection only HAdV + co-detected respiratory virus† p value 
No. students 152 43 NA 
Sex 
 F 70 (46) 28 (65) 0.002 
 M 82 (54) 15 (35) 0.03 
Median age, y (range) 19 (18–24) 19 (18–22) NA 
Residence 
 On campus dormitory 85 (56) 30 (66) 0.09 
 Off campus 59 (39) 11 (25) 0.09 
Symptoms 
 Cough 113 (74) 36 (84) 0.16 
 Sore throat 124 (82) 42 (98) 0.001 
 Fever 116 (76) 30 (70) 0.41 
 Headache 90 (59) 30 (70) 0.19 
 Nausea or vomiting 44 (29) 8 (19) 0.14 
 Conjunctivitis 19 (13) 1 (2) 0.001 
Severe infection 6 (4) 1 (2) 0.07 
Smoking or vaping 15 (11) 5 (12) 0.75 
*Values are no. (%) except as indicated. p values were obtained from 2-sided t-tests. HAdV, human adenovirus; NA, not applicable. 
†One student was HAdV positive in March, then had recurrent symptoms in early May and was found to be both HAdV and parainfluenza 3 positive. The 
student was included in the HAdV infection only column and not in the co-detection column. This student’s clinical course and timeline were more 
consistent with a new parainfluenza infection; the detection of adenovirus was likely attributable to prolonged virus DNA shedding, not a new infection. 
This group does not include students with Epstein-Barr virus or group A Streptococcus infections. 
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pathogens is needed (14). Continued surveillance of 
circulating viruses in congregate communities re-
mains critical for ongoing risk communication and 
prevention efforts.
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Since 1997, large outbreaks of severe hand, foot, 
and mouth disease (HFMD) caused by diverse 

enterovirus A71 (EV-A71) subgenogroups (such as 
B4, B5, C4, and C5) have been reported in the Asia 
Pacific region (1), resulting in millions of hospitaliza-
tions and substantial numbers of deaths. Increased 
EV-A71 detection and associated neurologic disease 
have also been documented worldwide, including in 
the United States in more recent years (2).

During January 1–June 30, 2023, a total of 12,600 
HFMD cases and 7 deaths were reported in Vietnam. 
Of those cases, 5,383 (42.7%) infections and all 7 deaths 
were recorded in June 2023. We investigated the epi-
demiologic and virologic features of this outbreak. 
The study was approved by the Institutional Review 

Board of CH1 and the Oxford University Tropical Re-
search Ethics Committee. Written informed consent 
was obtained from a parent or guardian of each en-
rolled patient.

The Study
This study forms part of an ongoing HFMD research 
program conducted at Children’s Hospital 1 (CH1) 
in Ho Chi Minh City, Vietnam, since 2013 (Appen-
dix, https://wwwnc.cdc.gov/EID/article/30/2/23-
1024-App1.pdf) (3). Recruited patients had clinical 
data recorded and throat and rectal swab samples 
collected for virologic investigation of EV-A71 and 
other enterovirus infections (Appendix Figure 1) 
(4,5). We extracted complementary data from hospi-
tal records or from a clinical study conducted during 
2013–2018 (3). 

We generated EV-A71 whole-genome sequences 
directly from virus-positive rectal or throat swab 
samples that had sufficient viral loads (PCR cycle 
threshold values of <30) by using a metagenomics-
based approach, as previously described (6). We 
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We report on a 2023 outbreak of severe hand, foot, and 
mouth disease in southern Vietnam caused by an emerg-
ing lineage of enterovirus A71 subgenogroup B5. Affected 
children were significantly older than those reported during 
previous outbreaks. The virus should be closely monitored 
to assess its potential for global dispersal.
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performed recombination analysis by using the Chi-
mera, GENECONV, Maxchi, Bootscan, and Siscan 
algorithms available in RDP4 software (7). To assess 
virus evolution, we constructed maximum-likeli-
hood phylogenetic trees for enterovirus viral pro-
tein 1 (VP1) and whole-genome sequences by using 
IQ-TREE (8); we obtained representative global se-
quences from GenBank for comparisons (Appendix 
Tables 1, 2). 

During January–June 2023, a total of 659 children 
with HFMD (including 106 with severe cases) were 
admitted to CH1; most admissions (463/659 [70.3%]) 
and severe cases (87/106 [82.1%]) occurred in June 
(Figure 1). Of the 659 children, 101 participated in this 
study. The participants resided in 15 provinces/cities 
in southern Vietnam (Appendix Figure 2) and were 
admitted to CH1 shortly after illness onset; the medi-
an number of illness days before admission was 2 (in-
terquartile range 1–2) (Table 1). Twenty-eight (27.7%) 
participants had a disease severity grade of 2A, and 
73 (72.3%) had grade 2B1 or worse (Table 1). Disease 
progressed from lower to higher severity grade in 63 
(62.4%) of 101 children; clinical manifestations pro-
gressed within 1 day after admission in 47 (74.6%) 
children (Appendix Figure 3).

We detected enteroviruses in samples from 
84 (83.2%) of 101 patients. Of those 84 patients, 83 
(98.8%) were positive for EV-A71, and 1 patient was 
positive for coxsackievirus A5. We determined the 
subgenogroup for 67 samples and assigned 65 sam-
ples to subgenogroup B5 (Table 1) and 2 samples to 
subgenogroup C1. The 2 C1-infected patients had 
grade 2B1 and grade 3 disease severity. Compared 
with EV-A71–infected children enrolled in the clinical 
study during 2013–2018, those in the 2023 outbreak 
were significantly older (Table 2; Appendix Figure 4).

We obtained whole-genome sequences from 16 
B5-positive samples (14 rectal and 2 throat swab sam-
ples from 16 individual patients) (Appendix Table 2). 
We did not detect recombination events. Phylogenet-
ic analysis indicated the B5 viruses in Vietnam were 
most closely related to the B5 viruses from Japan, but 
they formed a distinct lineage from those previous-
ly isolated from Vietnam and worldwide (Figure 2; 
Appendix Table 3, Figure 5). In addition, 15 of 16 B5 
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Figure 1. Admissions for and severe cases of hand, foot, and 
mouth disease recorded during January–June 2023 at Children’s 
Hospital 1, Ho Chi Minh City, Vietnam, in study of emerging 
enterovirus A71 subgenogroup B5. Green bars indicate total 
number of patients admitted for hand, foot, and mouth disease. 
Red bars indicate the number of admitted patients who had 
severe disease. Numbers above bars indicate actual number of 
cases at each time point. Scales for the y-axes differ substantially 
to underscore patterns but do not permit direct comparisons.

 
Table 1. Demographics of patients with enterovirus infections and clinical grades of hand, foot, and mouth disease in study of 
emerging EV-A71 subgenogroup B5, Vietnam, 2023* 
Characteristics Total, n = 101 EV-A71, n = 83 EV-A71 B5, n = 65 PCR negative, n = 17 
Sex 
 M 61 (60.4) 48 (57.8) 39 (60.0) 12 (70.6) 
 F 40 (39.6) 35 (42.2) 26 (40.0) 5 (29.4) 
Median age, mo (IQR) 26 (19–34) 27 (21–36) 28 (21–36) 20 (15–22) 
Illness at admission, median d (IQR)† 2 (1–2) 2 (1–2) 2 (1–3) 2 (1–2) 
Origin of patients 
 Ho Chi Minh City 46 (45.5) 35 (42.2) 28 (43.1) 10 (58.8) 
 Other provinces/cities 55 (54.5) 48 (57.8) 37 (56.9) 7 (41.2) 
Clinical grade of disease‡ 
 2A 28 (27.7) 17 (20.5) 15 (23.1) 10 (58.8) 
 2B1 15 (14.9) 12 (14.5) 11 (16.9) 3 (17.6) 
 2B2 16 (15.8) 15 (18.1) 12 (18.5) 1 (5.9) 
 3 41 (40.6) 39 (47.0) 27 (41.5) 2 (11.8) 
 4 1 (1.0) 0 (0.0) 0 (0.0) 1 (5.9) 
*Values are no. (%) except as indicated. EV-A71, enterovirus A71; IQR, interquartile range. 
†Median number of days of illness before admission. 
‡Clinical grades of hand, foot, and mouth disease have been previously defined (3). 
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sequences from the 2023 outbreak carried a glycine 
residue at position 17 (G17) within the N-terminus of 
VP1. In the 1 remaining sample, a G17 codon was de-
tected in 3 of 122 reads generated by the metagenomic 
workflow, and a serine (S17) codon was detected in 
the remaining 119 reads (Appendix Figure 6). In con-
trast, among 287 nonidentical global B5 sequences 
used for phylogenetic analysis, an S17 codon was ob-
served in 285 (99.3%) and a G17 codon was observed 
in 2 (0.7%) sequences. However, the 2 G17-containing 
sequences were derived from virus isolates passaged 
in cultured cell lines (9). Because of the small number 
of subgenogroup C1 sequences (n = 2), we deemed 

a similar in-depth analysis to be uninformative, but 
the C1 viruses from this study were closely related 
phylogenetically to C1 strains isolated worldwide 
(Appendix Figure 7).

Conclusions
We report that the 2023 outbreak of severe HFMD 
in Vietnam was caused by EV-A71 subgenogroups 
B5 and C1; B5 is dominant, and more older children 
were affected than during previous outbreaks. Phylo-
genetic analyses suggest that both B5 and C1 viruses 
were derived from new introductions of EV-A71 into 
Vietnam. In addition, the B5 viruses likely represent 
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Table 2. Age comparisons among patient groups infected with different enterovirus subgenogroups over time in study of emerging EV-
A71 subgenogroup B5 causing severe hand, foot, and mouth disease, Vietnam, 2023* 

Age 
EV-A71  EV-A71 B5  EV-A71 C4† 

2023 2013–2018 p value 2023 2013–2018 p value 2013–2018 p value 
Median age, mo (IQR) 27 (21–36) 21 (15–31) <0.001  28 (21–36) 18 (13–30) <0.001  22 (17–33) 0.042 
*Wilcoxon rank-sum test with continuity correction was applied for analyses of patient ages among groups. EV-A71, enterovirus A71; IQR, interquartile range. 
†Comparison was between EV-A71 subgenogroup B5 detected during 2023 vs. EV-A71 subgenogroup C4 detected during 2013–2018. 

 

 

Figure 2. Phylogenetic analysis 
of viral protein 1 (VP1) coding 
sequences in study of emerging 
enterovirus A71 subgenogroup 
B5 causing severe hand, foot, 
and mouth disease, Vietnam, 
2023. Tree was constructed for 
VP1 gene sequences by using 
the maximum-likelihood method 
to compare genetic relatedness 
among the B5 sequences from 
this study and global sequences 
obtained from GenBank. Line 
colors indicate the country of 
origin for each sequence. Box 
colors indicate the enterovirus 
lineage. Arrow indicates the 
emerging B5 lineage from 
Vietnam carrying an S17G codon 
substitution within the N-terminus 
of VP1. Similar phylogenetic tree 
structure was obtained when 
the analysis was performed by 
using complete genome coding 
sequences. Interlineage and 
intralineage nucleotide sequence 
similarities among the lineages 
were calculated (Appendix Table 
3, https://wwwnc.cdc.gov/EID/
article/30/2/23-1024-App1.pdf). 
Scale bar indicates nucleotide 
substitutions per site.
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an emerging lineage because of a unique nonsynony-
mous amino acid substitution (S17G) in VP1 and be-
cause they form a distinct lineage within the global 
B5 phylogenetic tree. Further research is needed to 
clarify the origin and transmission network of this 
emerging lineage.

Underlying factors might cause the emergence 
of EV-A71 subgenogroups within a specific locality; 
the accumulation of a sufficient number of suscep-
tible young children in the population and pathogen 
evolution might play critical roles (9,10). The chang-
ing epidemiology of respiratory pathogens as a con-
sequence of COVID-19 has been documented (11), 
although EV-A71 is mainly transmitted by the oral-
fecal route; thus, the effects of COVID-19 on EV-
A71 transmission might be different from those of 
other respiratory viruses. However, the COVID-19 
pandemic could have resulted in a large cohort of 
children who had greater susceptibility to EV-A71 
infection, leading to a surge in infections among old-
er children in the 2023 outbreak. Virus immune eva-
sion or altered virulence might also be substantial 
contributing factors in the outbreak (9,12). The ami-
no acid residue 17 in VP1 does not form part of the 
identified EV-A71 immune epitopes (13), but muta-
tions in the N terminus of VP1 might increase cell 
tropism, potentially contributing to EV-A71 patho-
genesis. Collectively, because VP1 is the most immu-
nogenic protein of EV-A71, the potential effects of 
the nonsynonymous S17G substitution on immune 
escape and virulence of EV-A71 subgenogroup B5 
warrant further investigation.

Previous peaks of EV-A71 outbreaks in Vietnam 
occurred during September–November (3), coincid-
ing with school reopening after the summer holiday 
(June–August). As of November 2023, the outbreak 
in Vietnam was still ongoing and had resulted in 
>100,000 infections and 23 deaths across the country. 
The potential for severe EV-A71–associated HFMD 
outbreaks to spread to other parts of the world should 
be closely monitored.

Inactivated EV-A71 vaccines have been devel-
oped in China and Taiwan (14) but have only been 
used in China. Real-world data have shown that 
those vaccines substantially reduced EV-A71–as-
sociated disease transmission in China (15). Thus, 
using EV-A71 vaccines in other HFMD-endemic 
countries could have a similar effect. However, 
the extent to which EV-A71 vaccines might shape 
HFMD dynamics as a whole should be closely mon-
itored. Because HFMD is transmitted through the 
oral-fecal route, good hygiene is critical to reduce 
EV-A71 transmission. 

In conclusion, the 2023 outbreak of severe HFMD 
in Vietnam has mainly been caused by an emerging 
EV-A71 subgenogroup B5 lineage, and older children 
have been affected. Clinicians should recognize the 
diverse clinical manifestations of HFMD. Further-
more, enhanced EV-A71 surveillance is needed to 
inform the outbreak response in Vietnam and else-
where, should the virus spread.
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In Western Australia, Australia, an outbreak of se-
rogroup W meningococcal disease in 2017 caused 

obstetric and neonatal cases of invasive meningococ-
cal disease (IMD). The outbreak was caused by a hy-
pervirulent strain of Neisseria meningitides belonging 
to sequence type 11 clonal complex (MenW:cc11). 
We report 3 cases that occurred during this outbreak. 
This study was approved by the Western Australia 
Women and Newborn Health Service Human Re-
search Ethics Committee.

The Study
Case 1, in June 2017, involved a 26-year-old pregnant 
woman (G2P1, 41 weeks) who had no concurrent con-
ditions underwent induction with artificial rupture of 
membranes for fetal compromise on cardiotocogra-
phy and delivered vaginally. The baby was well at 
birth and discharged on day 2 of life. At 5 days of age, 
the neonate was returned to hospital by ambulance 
with respiratory distress requiring intubation. Treat-
ment with intravenous benzylpenicillin, cefotaxime, 
and acyclovir was given, but because of extensive 

hypoxic brain injury, the baby was extubated and 
died 2 days later. Neisseria meningitidis serogroup W 
(MenW) DNA was detected by PCR (in-house multi-
plex real-time PCRs for ctrA and porA genes) but was 
not cultured from placenta or from brain, larynx, and 
lung tissue at postmortem. N. meningitidis (not typed) 
was the only pathogen isolated from a maternal low 
vaginal swab specimen collected 1-week postdelivery 
to investigate vaginal discharge.

Case 2, in December 2017, involved a 36-year-old 
pregnant woman (G8P5, 38 weeks) who had gesta-
tional diabetes was hospitalized because of watery 
diarrhea and severe abdominal pain. Her condition 
rapidly deteriorated, and she died despite resuscita-
tive efforts. A perimortem emergency caesarean sec-
tion was performed, but the fetus was delivered with-
out signs of life. Maternal blood culture grew MenW 
(isolate EXNM778, PubMLST [https://pubmlst.org/
organisms/neisseria-spp] identification no. 110297), 
which demonstrated intermediate susceptibility to 
penicillin (0.25 mg/L) by Etest (bioMérieux, https://
www.biomerieux.com) interpreted using Clinical 
and Laboratory Standards Institute (https://clsi.org) 
guidelines. MenW was detected by PCR from pla-
cental tissue but not from postmortem fetal blood or 
lung, liver, or brain tissue.

Case 3, in January 2018, involved a 22-year-old 
pregnant woman (G2P1, 39 weeks) who had ges-
tational diabetes sought care in spontaneous labor 
with fever and fetal compromise on cardiotocogra-
phy, prompting a nonelective caesarean section. The 
neonate had neck cord entanglement and tachypnea 
requiring continuous positive airway pressure. Ma-
ternal C-reactive protein (194 mg/L) and leukocyte 
count (34 × 109 cells/L) were increased. Intravenous 
benzylpenicillin and gentamicin were given for  
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Three mother-baby pairs with invasive meningococcal 
disease occurred over 7 months in Western Australia, 
Australia, at a time when serogroup W sequence type 
11 clonal complex was the predominant local strain. One 
mother and 2 neonates died, highlighting the role of this 
strain as a cause of obstetric and early neonatal death.
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suspected neonatal sepsis (C-reactive protein 21 
mg/L, lactate 4.9 nmol/L). Gastric aspirate, ear, 
and placental swab specimens (but not blood or ce-
rebrospinal fluid) subsequently grew MenW (isolate 
EXNM791, PubMLST identification no. 110300) dem-
onstrating intermediate susceptibility to penicillin 
(0.25 mg/L). The neonate received intravenous cefo-
taxime for 5 days. Testing of whole blood and cere-
brospinal fluid by PCR did not detect N. meningitidis. 
The mother initially received intravenous clindamy-
cin, gentamicin, and metronidazole (previous rash 
to penicillin) and then intravenous ceftriaxone for 5 
days. No growth resulted from maternal blood cul-
ture collected after antimicrobial drugs were given. 
Mother and baby were discharged at day 7, after rap-
id improvement.

We performed typing of case isolates by nested 
PCR directed at the porA gene covering 2 variable re-
gions (VR1 and VR2), followed by gel electrophoresis 

and Sanger sequencing analysis, with comparison to 
sequences in the PubMLST database. Whole-genome 
sequencing (1) of case 2 and 3 isolates demonstrated 
phylogenetic clustering in cluster B (penicillin resis-
tance–associated lineage) of MenW:cc11 lineage 11.1, 
which is distinct from lineage 11.2, to which the US 
nongroupable urethritis strain belongs (2) (Figure 1). 
Only case 2 clustered with isolates from other local 
contemporaneous cases, part of an outbreak that be-
gan in 2014 (1).

Conclusions
The recent rapid global expansion of hypervirulent 
MenW:cc11, which emerged in the late 1990s from 
South America and spread to Europe, North Amer-
ica, and Australasia (3), caused a rapid increase in 
IMD incidence in Western Australia, from an aver-
age of <1 MenW case/year before 2014 to 30 cases 
among a population of 2.6 million persons in 2018 
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Figure 1. Phylogenetic relationship of 2 invasive Neisseria meningitidis serogroup W (MenW:cc11) strains from 3 mother-baby pairs 
with invasive meningococcal disease in Western Australia, Australia, compared with other local and international isolates. The neighbor-
net phylogenetic network was constructed based on 1,605 core genome loci using the Genome Comparator tool available on the 
PubMLST Neisseria website (https://pubmlst.org/organisms/neisseria-spp). Red indicates the 2 isolates reported in this study ; pink 
circles indicate isolates from Western Australia reported by Mowlaboccus et al. (1); blue, green, and white circles indicate isolates 
from the Australian Penicillin Resistance–Associated Lineage reported by Willerton et al. (3) from New Zealand, Canada, and Europe, 
respectively; black squares indicate reference invasive MenW/cc11 strains characterized by Lucidarme et al. (4). Identification numbers 
in parentheses indicate PubMLST identification numbers of reference isolates. Inset at top shows full phylogenetic trees; callout at 
left shows urethral N. meningitidis strains strains from Tzeng et al. (2) and Ma et al. (5), which were isolated from urethral swabs in 
the United States (NM1, NM2), the United Kingdom (M11_240294, M11_241043, M13_240559), Italy (PE5, PE6, PE7), and France 
(LNP26948, LNP27256). Scale bar indicates number of different loci among the 1,605 compared.
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(Figure 2). Some MenW:cc11 strains have been as-
sociated with a high case-fatality rate and atypical 
disease manifestations (3).

Isolates from case 2 (mother) and case 3 (neonate) 
belonged to the UK/South America MenW:cc11 lin-
eage (3) and to the penicillin resistance–associated 
lineage previously described from Western Austra-
lia (1), which has since expanded to 8 countries (3). 
Those isolates have demonstrated intermediate peni-
cillin resistance by Clinical and Laboratory Standards 
Institute guidelines and have been associated with 
treatment failure using low-dose penicillin regimens 
recommended for IMD. The 2 isolates we describe 
were not closely related to lineage 11.2 urethritis iso-
lates and did not possess previously described adap-
tations to urogenital infection; they had intact capsule 
genes and did not harbor the gonococcal aniA and 
norB alleles that promote urethral anaerobic growth 
(2,5). Our cases are most likely to represent atypical 
disease manifestations of MenW:cc11 resulting from 
ascending maternal genital infection (case 1) or from 
maternal IMD (case 2).

N. meningitidis is primarily spread by the respi-
ratory route, but genital meningococcal disease is 
reported (5). Although a retrospective matched case–
control study (6) has shown a strong association be-
tween childhood IMD and coincident pregnancy of 
the patient’s mother, increased meningococcal car-
riage rates in pregnant women have not been shown, 
and few case reports of IMD during pregnancy have 
been published (7).

National surveillance data from England (2011–
2014) (7) included 4 cases in pregnant women but in-
dicated that pregnant women were 5 times less likely 

to have  IMD develop than were nonpregnant women. 
This finding highlights the unusual occurrence of 3 
mother-baby pairs within 7 months in a much smaller 
population. Additional reported cases in pregnancy 
include 5 with meningitis and single cases with acute 
meningococcemia, chronic meningococcemia, and 
pericarditis (8–12). In total, those 12 cases in pregnant 
women caused 4 neonatal deaths. The England sur-
veillance study also identified 5 cases of early-onset 
(<7 days) neonatal IMD, none with reported mater-
nal illness (7). Fetal or early-onset neonatal IMD can 
occur after colonization of the maternal genital tract 
or by septicemic transmission in utero from maternal 
IMD (13). Early neonatal IMD is rare, presumably be-
cause of the rarity of genital tract colonization plus 
maternal antibody transfer across the placenta (13).

A review in 2017 described 23 cases of early-onset 
(<8 days) neonatal IMD with a high case-fatality rate 
(34.8%) (14). A 2020 review (13) and 2 case reports (15) 
added an additional 8 cases, with 2 neonatal deaths. 
In total, those 31 cases resulted in 10 neonatal deaths, 
although the 3 known MenW case-patients survived.

MenW incidence in Western Australia has de-
creased substantially, from 30 cases in 2018 to 3 cases 
in 2021 (Figure 2). This decrease is probably associ-
ated with MenACWY vaccination programs for ado-
lescents 15–19 years of age and children 12 months–4 
years of age, which began in Western Australia in 
May 2017 and January 2018, respectively, along with 
the effect of subsequent COVID-19–related public 
health restrictions.

In summary, we report a time-place cluster of 
3 mother-baby pairs with N. meningitidis infection, 
ranging from vaginitis to fulminant fatal maternal 
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Figure 2. Notifications of 
laboratory-confirmed invasive 
meningococcal disease cases 
in Western Australia and 
Australia, by serogroup and 
year of onset, 2013–2022. 
Serogroup data were extracted 
from the Western Australian 
Notifiable Infectious Diseases 
Database (https://www.
health.wa.gov.au), and the 
overall national notification 
data were obtained from the 
National Notifiable Diseases 
Surveillance System (https://
www.health.gov.au/our-work/
nndss). Rates were calculated 
by using estimated resident 
population data from the 
Australian Bureau of Statistics 
(https://www.abs.gov.au) (national, state and territory population March 2023, accessed on October 3, 2023). Men, meningococcal;  
ND, not determined; WA, Western Australia.
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and neonatal sepsis, to highlight the potential for 
MenW:cc11 to cause obstetric and early neonatal in-
fection. Because N. meningitidis is uncommonly iso-
lated from the genital tract and does not necessarily 
cause disease, there is no current recommendation to 
routinely screen or treat pregnant women. However, 
these cases suggest the need for opportune laboratory 
reporting of N. meningitidis isolates from the genital 
tract; if pregnant women are found colonized, pre-
emptive treatment should be considered to prevent 
subsequent neonatal infection. Our findings also 
highlight the need for MenACWY vaccination of ado-
lescents and possible opportunistic catch-up vaccina-
tion in women before or during pregnancy.
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Blastomycosis is a rare but potentially fatal fungal 
disease caused by Blastomyces spp., a group of 

thermally dimorphic environmental mycoses found 
in moist soil and decaying organic matter. Human ill-
ness most often results in pulmonary conditions but 
can involve any organ system; clinical manifestations 
range from subclinical infection to life-threatening 
disease (1). Associated illness and death rates are 
high; among symptomatic persons, hospitalization 
rates are 57%–69% (2–5) and death rates 4%–22% (1).

Epidemiology of blastomycosis in the United 
States is poorly understood. Geographic areas of the 
United States that have historically been considered 
endemic, based largely on sporadic case reports and 
a few documented outbreaks, include midwestern, 
south-central, and southeastern regions of the country, 
particularly adjacent to the Ohio and Mississippi Riv-
ers, Great Lakes, and St. Lawrence Seaway. In those 
areas, statewide annual incidence rates are ≈0.2–2.0 
cases/100,000 persons (1–3). However, blastomycosis 
is not a nationally notifiable disease, and public health 
surveillance is limited to just 5 states: Arkansas, Loui-
siana, Michigan, Minnesota, and Wisconsin. The true 
burden of blastomycosis elsewhere is unknown. 

Recent studies suggest incidence in the United 
States, particularly in the northeastern region, might 
be greater than previously understood (6–9). To as-
sess the epidemiology of blastomycosis in the north-
eastern state of Vermont, we used insurance claims 
data and vital records to describe case-patient de-
mographics, hospitalization rates, deaths, annual 
incidence, and geographic distribution of disease. 
This activity was reviewed by the Centers for Dis-
ease Control and Prevention and conducted consis-
tent with applicable federal law and agency policy. 
Activity was determined to meet the requirements 
of public health surveillance as defined in 45 CFR 
46.102(l)(2).  

The Study 
The Vermont Health Care Uniform Reporting and 
Evaluation System (VHCURES) is an all-payer health 
insurance claims database managed by the Green 
Mountain Care Board (Montpelier, Vermont, USA). 
VHCURES includes insurance claims data from med-
ical, dental, and pharmacy encounters for all Medi-
care and Medicaid recipients and ≈75% of Vermont 
residents with commercial insurance. For this retro-
spective cohort analysis, we used VHCURES to iden-
tify all patients who received a primary or secondary 
diagnosis code of 116.0 (International Classification 
of Disease [ICD], 9th Edition, Clinical Modification) 
or B40.X (ICD, 10th Edition, Clinical Modification) for 
blastomycosis during a 2011–2020 medical encounter. 
VHCURES excludes personally identifiable informa-
tion but does provide patient-level information in-
cluding age, sex, insurance type (Medicare, Medicaid, 
or commercial), county of residence, and hospitaliza-
tion status. Race and ethnicity data were unavailable. 
We identified blastomycosis-attributable deaths from 
Vermont vital records and calculated incidence rates 
(cases/100,000 persons) using state- and county-level 
census estimates.

Using Insurance Claims Data to  
Estimate Blastomycosis Incidence, 

Vermont, USA, 2011–2020
Brian F. Borah, Paul Meddaugh, Veronica Fialkowski, Natalie Kwit
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The epidemiology of blastomycosis in Vermont, USA, is 
poorly understood. Using insurance claims data, we esti-
mated the mean annual blastomycosis incidence was 1.8 
patients/100,000 persons during 2011–2020. Incidence 
and disease severity were highest in north-central coun-
ties. Our findings highlight a need for improved clinical 
awareness and expanded surveillance.
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We identified 114 patients with blastomyco-
sis diagnosed during 2011–2020, a median of 10.5 
(range 6–19 cases) cases/year. Most case-patients 
were male (67; 59%), and median age at first diag-
nosis was 55 years (range: 0–89 years) (Table). At 
the time of first diagnosis, 48 (42%) patients had 
commercial insurance, 42 (37%) Medicare, and 24 
(21%) Medicaid. Mean annual statewide incidence 
of blastomycosis was 1.8 cases/100,000 persons; in-
cidence among male residents (2.2/100,000 popula-
tion) was greater than that among female residents 
(1.5/100,000 population). The highest annual inci-
dence, 3.0/100,000 persons, occurred in 2011, fol-
lowed by 2019 (2.7/100,000 population) and 2020 
(2.5/100,000 population) (Figure 1). 

Thirty-four (30%) patients had >1 blastomycosis-
associated hospitalization during the study period. 
Median age of hospitalized patients at time of diag-
nosis was 56 (range 3–89) years; 20 (59%) were male 
and 19 (56%) covered by Medicare. Risk for hospital-
ization was similar between male and female patients 
(risk ratio 1.00, 95% CI 0.57–1.78). According to vital 

records data, 4 deaths were attributed to blastomyco-
sis, a mean annual death rate of 0.06/100,000 popula-
tion. Three deaths were among female patients, at a 
median age of 59 years.

Of Vermont’s 14 counties, 3 counties in north-
central Vermont (Lamoille, Orleans, and Washing-
ton) had the highest mean annual incidences (Figure 
2). Although the populations of those counties repre-
sent only 18% of the state population, 49% of all case-
patients and 65% of hospitalized patients resided in 
those counties. Case-patients in those counties were 
≈2 times as likely to be hospitalized with blastomyco-
sis as patients residing elsewhere (risk ratio 1.90, 95% 
CI 1.04–3.46).

Although Vermont has historically not been con-
sidered an area with high relative incidence of blasto-
mycosis, an estimated mean annual incidence of 1.8 
case-patients/100,00 population suggests otherwise. 
That incidence is greater than the mean annual inci-
dences during 1987–2017 in 4 of 5 states that mandate 
reporting of blastomycosis (Arkansas, Louisiana, 
Michigan, and Minnesota, but not Wisconsin) (2);  
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Table. Characteristics of patients with blastomycosis, Vermont, USA, 2011–2020* 
Characteristic All patients Hospitalized patients Deaths 
Total 114 (100) 34 (30) 4† 
Sex    
 M 67 (59) 20 (59) 1 (25) 
 F 47 (41) 14 (41) 3 (75) 
Insurance type 

   

 Commercial 48 (42) ≤10† NA 
 Medicare 42 (37) 19 (56) NA 
 Medicaid 24 (21) ≤10† NA 
Age category, y 

   

 0–19 ≤10‡ ≤10† 0 
 20–39 21 (18) ≤10† 0 
 40–59 40 (35) 11 (32) 2 (50) 
 60–79 43 (38) 12 (35) 1 (25) 
 ≥80 ≤10‡ ≤10† 1 (25) 
Median age, y (range) 55 (0–89) 56 (3–89) 59 (45–90) 
*Values are no. (%) except as indicated. 
†Deaths were identified from different data source than patients and hospitalizations; death rate cannot be calculated. 
‡In accordance with the Green Mountain Care Board data use agreement for the Vermont Health Care Uniform Reporting and Evaluation System, all 
results with a patient count ≤10 must be suppressed. 

 

Figure 1. Numbers of patients with 
blastomycosis, attributable deaths 
per year, and annual incidence 
(cases/100,000 population) in Vermont, 
USA, 2011–2020. Results are 
suppressed for years with ≤10 patients, 
in accordance with the Green Mountain 
Care Board data use agreement for 
the Vermont Health Care Uniform 
Reporting and Evaluation System.
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incidence in Vermont was greater than in all 5 of those 
states in 2019 (3). Missouri (10), Mississippi (11), and 
Illinois (12), also located within known endemic areas, 
reported mean annual incidences of 0.2–1.3/100,000 
population for differing intervals during 1979–2018. 
Although differences in surveillance methods and 
case definitions among states make direct compari-
sons difficult, Vermont’s burden of blastomycosis ap-
pears comparable to, and perhaps higher than, most 
states that have published blastomycosis incidences. 

Consistent with other published studies, our re-
sults demonstrate that blastomycosis was more com-
mon in adults and male patients (2,3). We also found 
that disease incidence and hospitalization rates were 
greatest in north-central Vermont, a finding supported 
by clinician reports and at least 1 publication (6). Ex-
planations for regional clustering and high statewide 
incidence in Vermont are unclear. Outdoor activities, 
climate, geographic features, and soil characteristics 

have all been associated with heterogeneity of blas-
tomycosis distribution elsewhere (1,2,4,13). Like hy-
perendemic regions of Wisconsin, Vermont is rich in 
acidic spodosol soil (14), which is thought to support 
Blastomyces spp. growth (2). Although the 3 counties 
with the highest incidence in Vermont do not share a 
common waterway, proximity to waterways generally 
has been associated with disease (1,13). Future studies, 
including animal, environmental, and ecologic niche 
models (13), could further characterize these and other 
risk factors in Vermont.

Among limitations in our study, blastomyco-
sis diagnoses are commonly delayed or missed in 
clinical practice because of low clinical suspicion 
and nonspecific diagnostic tests (1), and laboratory-
confirmed diagnoses can be missed by ICD-based 
queries (10). Next, claims data are used primarily 
for administrative purposes and thus have inherent 
limitations for public health surveillance, includ-
ing coding errors and disease misclassification. We 
might also have undercounted diagnoses among the 
minority of the Vermont population who did not 
have claims submitted to VHCURES. Moreover, giv-
en inherent complexities in VHCURES data which 
limit accurate estimations of total annual VHCURES 
enrollees, we used census estimates of state popula-
tion for incidence denominators. Those limitations 
likely resulted in an underestimation of blastomyco-
sis incidence. However, other limitations might have 
posed some risk of overestimation. We might have 
included patients who were diagnosed with blasto-
mycosis before 2011 if they had a follow-up encoun-
ter associated with the diagnosis during 2011–2020. 
In addition, we were unable to validate ICD-based 
diagnoses with external laboratory or clinical data. 
Our methods possibly captured mild illnesses bet-
ter than passive surveillance, which is biased toward 
severe cases (15), which might explain why the hos-
pitalization rate (30%) in our study was lower than 
rates elsewhere (2–5). Finally, we used county of 
residence of case-patients to describe geographic 
distribution of the disease; we could not determine 
whether fungal exposures were travel-associated. 

Conclusions 
Our findings, based on the most comprehensive as-
sessment of blastomycosis in Vermont to date, align 
with a growing body of evidence suggesting that 
the burden of endemic blastomycosis is greater than 
commonly appreciated (6–9). These results challenge 
routine assumptions about the epidemiology and 
ecology of this disease and reflect a need for future 
studies. Clinicians should consider blastomycosis  
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Figure 2. Geographic distribution of blastomycosis cases by county, 
Vermont, USA, 2011–2020. Numbers indicate incidence rates 
(cases/100,000 population) for counties with the highest incidence.
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in patients with compatible signs and symptoms. 
Standardized surveillance could also improve 
our understanding of exposures, risk factors, and  
clinical outcomes. 
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Dengue virus (DENV) is not endemic in the conti-
nental United States (1); most cases occur among 

travelers to DENV-endemic areas (2). In Florida, USA, 
DENV infections are primarily reported among trav-
elers (https://ndc.services.cdc.gov/case-definitions/
dengue-virus-infections-2015); however, locally ac-
quired cases and limited outbreaks have been report-
ed in Monroe County in 2009–2010 (n = 88), Martin 
County in 2013 (n = 24), and Monroe County in 2020 
(n = 72) (3–5). During 2009–2021, an annual median of 
83 (range 19–413) travel-associated DENV infections 
and 7 (range 0–77) locally acquired cases were report-
ed in Florida; all DENV types (DENV-1−4) occurred 
among both travel-associated and locally acquired 
cases (6). Previous work demonstrated the DENV 
vectors Aedes aegypti and A. albopictus mosquitoes are 
present across Florida (7).

In early 2022, the Florida Department of Health 
(FDOH) identified an increase in travel-associated 

DENV infections, primarily among travelers return-
ing from Cuba. In July 2022, a DENV-3 outbreak was 
reported in Cuba (8); DENV-3 case increases were 
also documented in other countries in the Americas 
(9,10). On July 18, Miami-Dade County health offi-
cials issued a mosquito-borne illness advisory after 
the first locally acquired DENV infection in 2022 was 
confirmed in a Florida resident (11). We document 
the DENV-3 outbreak in Florida by describing the 
epidemiologic features of reported cases, analyzing 
DENV-3 genomic sequences, and reconstructing pos-
sible transmission trees.

The Study
FDOH routinely conducts active case-finding activi-
ties for DENV and conducts IgM and reverse tran-
scription PCR testing for confirmation and DENV 
serotype identification. Suspected case-patients are 
interviewed to identify risk factors, possible mos-
quito exposure locations, and additional suspected 
cases (3). Ethics approval was not required because 
this work was part of standard public health outbreak 
surveillance and response. 

During May 1, 2022–April 30, 2023 (52 weeks), 
1,037 DENV infections were reported, 966 (93%) 
were travel-associated and 71 (7%) locally acquired. 
DENV-3 was the most frequently identified serotype 

Introduction and Spread of  
Dengue Virus 3, Florida, USA,  

May 2022–April 2023
Forrest K. Jones,1 Andrea M. Morrison,1 Gilberto A. Santiago, Kristyna Rysava, Rebecca A. Zimler,  

Lea A. Heberlein, Edgar Kopp, Florida Department of Health Bureau of Public Health Laboratory Team,2  
Katharine E. Saunders, Samantha Baudin, Edhelene Rico, Álvaro Mejía-Echeverri, Emma Taylor-Salmon,  
Verity Hill, Mallery I. Breban, Chantal B.F. Vogels, Nathan D. Grubaugh, Lauren M. Paul, Scott F. Michael,  

Michael A. Johansson, Laura E. Adams, Jorge Munoz-Jordan, Gabriela Paz-Bailey, Danielle R. Stanek

376	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 30, No. 2, February 2024

DISPATCHES

Author affiliations: Centers for Disease Control and Prevention, 
San Juan, Puerto Rico, USA (F.K. Jones,  G.A. Santiago,  
M.A. Johansson, L.E. Adams, J. Munoz-Jordan, G. Paz-Bailey, 
K. Rysava); Centers for Disease Control and Prevention, Atlanta, 
Georgia, USA (F.K. Jones, K.E. Saunders); Florida Department 
of Health, Tallahassee, Florida, USA (A.M. Morrison, R.A. Zimler, 
L.A. Heberlein, E. Kopp, K.E. Saunders, S. Baudin, E. Rico,  
Á. Mejía-Echeverri, D.R. Stanek); Yale School of Medicine,  

New Haven, Connecticut, USA (E. Taylor-Salmon); Yale School of 
Public Health, New Haven (E. Taylor-Salmon, V. Hill, M.I. Breban, 
C.B.F. Vogels, N.D. Grubaugh); Florida Gulf Coast University,  
Fort Myers, Florida, USA (L.M. Paul, S.F. Michael)

DOI: https://doi.org/10.3201/eid3002.231615

1These authors shared first authorship.
2Team members are listed at the end of this article.

During May 2022–April 2023, dengue virus serotype 3 
was identified among 601 travel-associated and 61 lo-
cally acquired dengue cases in Florida, USA. All 203 
sequenced genomes belonged to the same genotype 
III lineage and revealed potential transmission chains in 
which most locally acquired cases occurred shortly after 
introduction, with little sustained transmission.
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(64%, n = 662), followed by DENV-2 (10%, n = 104), 
DENV-1 (7%, n = 68), and DENV-4 (5%, n = 57); in 146 
(14%) cases, multiple serotypes or no serotype was 
identified (Figure 1, panel A). Among DENV-3 cases, 
601 (91%) were travel-associated and 61 (9%) were lo-
cally acquired cases (Figure 1, panel B). Most DENV-3 
case-patients identified as White (n = 609; 92%) and 
Hispanic or Latino (n = 642, 97%).

Among 601 travel-associated DENV-3 cases, 
the median age was 52 (interquartile range 41–61) 
years; 51% of patients were male and 49% female. 
Most (98%, n = 589) case-patients with travel-associ-
ated DENV-3 had recently traveled from Cuba; they 
were reported in 21/67 Florida counties (Figure 1, 
panel C). Miami-Dade County had the most travel-
associated DENV-3 cases (71%, n = 428). Among 61 
locally acquired DENV-3 cases, the median age was 
54 (interquartile range 36–58) years; 67% of patients 
were male and 33% female, and nearly all (93%, n = 
57) were reported in Miami-Dade County. The 485 
DENV-3 case-patients in Miami-Dade County were 
identified in 60/82 postal (ZIP) codes.

We performed genomic characterization of 
DENV-3 by sequencing the complete genomes of 
203 cases at the Centers for Disease Control and Pre-
vention (San Juan, Puerto Rico, USA), Yale School 
of Public Health (New Haven, CT, USA), and 
FDOH (Appendix 1, https://wwwnc.cdc.gov/EID/

article/30/2/23-1615-App1.pdf) (12). Sequencing 
was prioritized and successful for 34 locally acquired 
cases, as well as case-patients with recent travel his-
tory to Cuba (n = 168) or Guyana (n = 1). To assess the 
representativeness of DENV sequences, we evaluated 
symptom onset dates and counties of residence for 
cases selected for sequencing and all cases detected 
(Appendix 1 Figure 1). We conducted maximum-
likelihood phylogenetic analysis to infer the genetic 
relatedness of DENV-3 to contemporary circulation 
globally. Global context was provided with a subsam-
ple of 146 publicly available genomes that represent 
relevant genotypes.

The DENV-3 genomes identified in Florida are 
classified as genotype III and cluster within the novel 
American II lineage (9). We observed a close relation-
ship with DENV-3 genomes recently identified in 
Arizona, Puerto Rico, and Brazil, indicating that the 
lineage is spreading across the Americas (Figure 2). 
However, the limited sampling of the new American 
II lineage prevented us from inferring a potential time 
of emergence in Florida. The short branch lengths and 
similarity between locally acquired and travel-associ-
ated cases in the phylogenetic tree demonstrate low 
genomic diversity during the sampling period, where 
genomes from locally acquired cases cluster random-
ly with travel-associated cases. The tree topology sug-
gests frequent importation events occurred during 
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Figure 1. DENV serotype 
distribution and DENV-3 case 
distribution by week of symptom 
onset, county of reporting, and 
origin of travel, Florida, USA, 
May 1, 2022–April 30, 2023. 
A) Number of dengue cases 
by each virus serotype. Cases 
with an unknown dengue virus 
type (asterisk) only had a 
positive serologic test or multiple 
serotypes identified. B) Epidemic 
curve of reported cases of 
DENV-3, showing 601 travel-
associated cases and 61 locally 
acquired cases. C) Heat map 
indicating number of DENV-3 
cases by county and by travel 
history. Other countries were 
Bangladesh, Colombia, Guyana, 
India, Jamaica, Mexico, Pakistan, 
and Sri Lanka. The names of 
counties reporting >3 DENV-3 
cases are shown and sorted 
by the total number of cases 
reported. DENV, dengue virus; 
DENV-3, DENV serotype 3.
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the sampling period and indicate frequent movement 
of DENV between Cuba and Florida without estab-
lishing sustained local transmission in Florida.

To model a possible transmission tree, we adapted 
a graph-based model using genomic sequences and 
symptom onset dates from 31 locally acquired and 
144 travel-associated cases (Appendix 1) (13,14). To ac-
count for infections in transmission chains that went 
undetected between reported cases, we included a sur-
veillance reporting probability (i.e., the probability an 
infection was detected as a case) and performed sensi-
tivity analyses assuming different reporting probabili-
ties of 1%, 5%, 10%, and 15%. Assuming a 5% reporting 
probability, we identified 22 travel-associated cases 
(15%) with most compatible linkages leading to the 31 
locally acquired cases (Appendix 1 Figure 2). Overall, 
122 (85%) travel-associated cases had no likely link-
age to locally acquired cases, 17 (11%) were linked to 1 
case, 2 (1%) were linked to 2 cases, 2 (1%) were linked 
to 3 cases, and 1 (1%) was linked to 4 cases.

Conclusions
We documented an unprecedented number of travel- 
associated and locally acquired DENV-3 cases in 
Florida during May 2022–April 2023; circulation of 
the DENV-3 genotype III was recently identified in 
the Americas. Our investigation illustrates that local 
transmission and spread in Florida was limited, de-
spite multiple introductions from outside the coun-
try. Sequencing and phylogenetic analysis revealed 
that cases were from the same DENV-3 genotype III 
lineage and were highly related to one another and to 
cases identified in Puerto Rico, Arizona, and Brazil. 

Assessment of possible linkages between sequenced 
cases indicated that local transmission during this 
outbreak was limited; most travel-associated cases 
did not lead to further transmission.

DENV activity in Cuba and Florida are linked 
given their proximity and the extensive travel be-
tween them. Our results are similar to findings in 
Florida in 2019 (5), where many DENV case-patients 
reported recent travel to Cuba, leading to an in-
crease in locally acquired cases. An elevated number 
of locally acquired DENV cases in Florida might be 
expected after a high number of introductions, but 
our analysis suggests that DENV introductions did 
not result in sustained local transmission beyond 
small-scale outbreaks. Factors potentially reducing 
transmission include living conditions (e.g., use of 
air conditioning and screens), rapid case notifica-
tion that enabled vector interventions (e.g., spray-
ing insecticide, conducting surveillance, community 
education, and removing standing water), or limited 
availability of mosquito breeding sites (15).

The relatively low genetic diversity in this da-
taset limited our ability to estimate the timing of ini-
tial DENV-3 introductions and fully reconstruct local 
spread. We did not use case locations to determine the 
compatibility of transmission links. DENV case detec-
tion continued through 2023 in Florida; efforts to un-
derstand those transmission dynamics are ongoing.

In summary, we used epidemiologic surveil-
lance and genomic sequencing to identify a newly 
emerging lineage of DENV-3 genotype III that 
caused an unusually large number of travel-as-
sociated and locally acquired DENV infections in  
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Figure 2. Evolutionary analysis of dengue virus serotype 3 sampled in Florida, USA, May 1, 2022–April 30, 2023. Maximum-likelihood 
phylogenetic tree was generated from a subset of 203 complete genomes from Florida (34 local cases, 168 cases in persons with recent 
travel history to Cuba, and 1 traveler case from Guyana) and 146 complete genomes publicly available (1985–2022) from GenBank 
representing genotype III, American lineage II. A subset of the sequences was used because of the low diversity in the population 
sample, which was limiting the phylogenetic signal and hampering the statistical analyses that supported the tree accuracy and certainty 
in major nodes. Sampling locations are coded by shape and color. Scale bar represents nucleotide substitutions per site.
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Florida, particularly in Miami-Dade County. Our 
analysis suggests that locally acquired cases were 
driven by large numbers of case-patients with recent 
travel to Cuba and that DENV persistence in Florida 
was limited. Close monitoring of DENV activity in-
ternationally, as well as increasing healthcare pro-
vider awareness about DENV identification and test-
ing, can strengthen preparedness and response to 
future introductions in non–DENV-endemic areas.
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Tick-borne relapsing fever (TBRF) spirochetes are 
neglected pathogens in Mexico, and human infec-

tion is frequently misdiagnosed because of nonspe-
cific symptoms (1). Borrelia turicatae infection is asso-
ciated with irregular fevers, vomiting, rigors, nausea, 
and meningitis (2). The neurologic symptoms that fol-
low infection can be misdiagnosed as Lyme disease, 
and the use of nonspecific serologic tests further com-
plicates an accurate diagnosis of TBRF. Prior studies 
have used whole-protein lysates of Borreliella (Borrel-
ia) burgdorferi in ELISAs and immunoblotting assays 
for disease diagnosis (3,4), but serologic cross-reactiv-
ity occurs regardless of whether patients are infected 
with Lyme-causing or TBRF-causing spirochetes (5). 
Another report from Mexico amplified a portion of 
the flagellin gene from a patient’s blood sample, and it 
most closely aligned with B. burgdorferi (6). However, 
no other loci were sequenced, and it is unknown if 
the isolate causing infection exists. Additional work 
is needed to understand the circulation of spirochetes 
in Mexico.

Argasid ticks transmit most species of TBRF 
spirochetes, and the life cycle of those ticks further 
confounds a clear understanding of the disease’s epi-
demiology. Argasids in the genus Ornithodoros are 
cavity-dwelling rapid feeders that are rarely found 
attached to the host. A case study from Panama noted 
persons who reported being bitten by insects during 
their sleep (7). An investigation identified Ornithodo-
ros puertoricensis ticks under floor tiles and within 
cracks of windowsills (7). Those findings indicated 
that, once introduced into the dwelling, the ticks tar-
geted human occupants as their primary blood source.

To clarify the ecologic overlap of TBRF spiro-
chetes and humans, we initiated efforts to collect ar-
gasid ticks from peridomestic settings in Mexico. We 
describe identification of Ornithodoros turicata ticks 
from the village of Camayeca in Sinaloa, Mexico. We 
determined infection in the collected ticks by feed-
ing them on a laboratory mouse, isolating TBRF spi-
rochetes from the mouse blood, and confirming the 
pathogen as B. turicatae through genomic analysis.

The Study
In March 2022, we collected argasid ticks in perido-
mestic settings of Sinaloa, Mexico. In the village of 
Camayeca (Figure 1, panel A), we sampled 5 burrows 
using an aspirator or dry ice as a source of carbon 
dioxide to lure ticks. In the human dwelling where 
ticks were collected (Figure 1, panel B), we aspirated 
the dirt at the base of the home (Figure 1, panel C). 
We collected 3 adults and 19 nymphs. We also noted 
ground squirrel activity around the burrows.

In the laboratory, we speciated ticks using micros-
copy and by sequencing a portion of the 16S mitochon-
drial gene. Morphologic characterization of nymphs 
and adults identified them as O. turicata. We extracted 
total DNA from 3 nymphs using the DNeasy Blood 
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We conducted surveillance studies in Sinaloa, Mexico, 
to determine the circulation of tick-borne relapsing fever 
spirochetes. We collected argasid ticks from a home in 
the village of Camayeca and isolated spirochetes. Ge-
nomic analysis indicated that Borrelia turicatae infection 
is a threat to those living in resource-limited settings.
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and Tissue kit (QIAGEN, https://www.qiagen.com), 
according to the manufacturer’s protocol, and ampli-
fied ≈475 nt of the 16S mitochondrial rRNA gene by us-
ing Tm16S+1 and Tm16S-1 primers (8). We sequenced 
amplicons by using the Sanger method and trimmed 
the data by using ChromasPro version 2.1.5 (Technely-
sium Pty Ltd, https://technelysium.com.au). We per-
formed a BLASTN analysis (https://www.ncbi.nlm.
nih.gov/Blast.cgi), which indicated 99.1% nucleotide 
identity to O. turicata. We deposited sequences from 
this study into GenBank (accession no. OR189376–8).

We did not evaluate the remaining 19 individual 
O. turicata ticks for infection because we did not want 
to sacrifice them; however, we determined coloniza-
tion of TBRF spirochetes by allowing them to feed on 
a BALB/c mouse and then assessing the animal for 
infection. We collected daily blood samples from the 
mouse and performed Giemsa staining to visualize 
spirochetes. Seven days after feeding ticks, we ex-
sanguinated the mouse and centrifuged whole blood 
at 500 × g for 5 minutes. We then removed plasma 
and centrifuged again at 5,000 × g for 10 minutes. We 

resuspended the resulting pellet in 1 mL of Barbour-
Stoenner-Kelly–IIB media and cultured in a total of 4 
mL of the media formulation at 35°C (9). Eight days 
later, we placed an aliquot of the culture on a glass 
slide, allowed it to air dry, and performed Giemsa 
staining. We visualized numerous spirochetes on the 
slide (Figure 2, panel A). We designated the isolate 
CAM-1 and generated glycerol stocks.

We sequenced the CAM-1 isolate to determine the 
species and genomic structure. We isolated genomic 
DNA and performed pulsed field electrophoresis to 
determine DNA quality (10). We performed long-
read sequencing with the Oxford Nanopore Tech-
nologies (https://nanoporetech.com) Mk1B platform 
with the SQK-RBK110.96 library preparation kit and 
R9.4.1 flow cell. We generated short-read sequences 
by using the Microbial Genome Sequencing Center 
(MiGS Center, https://migscenter.wordpress.com) 
and an Illumina 2x150 library preparation kit (Illu-
mina, https://www.illumina.com). We produced a 
plasmid-resolved genome assembly by using short-
reads to polish the long-read data, as done previously 
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Figure 1. Collection of 
Ornithodoros turicata ticks from 
village of Camayeca, Mexico. A) 
Location in the state of Sinaloa 
where 22 ticks were collected (left 
arrow). Also labeled is the state 
of Aguascalientes, where we 
recently collected O. turicata ticks 
(right arrow). B) Collection efforts 
were focused in peridomestic 
settings C) Ticks were aspirated 
from the base of a human 
dwelling; white arrow indicates 
where ticks were collected.
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(10). The mean Oxford Nanopore Technologies cover-
age was 439×, and the mean Illumina coverage was 
236×. Using a previously established approach (10), 
we determined a completeness score of 99.89% and 
a QV score (based on the Phred scale) of Q53.82. We 
annotated the assembly with the National Center for 
Biotechnology Information’s Prokaryotic Genome 
Annotation Pipeline and submitted the assembly to  
GenBank (accession nos. CP129306–22). The chromo-
some was 925,885 bp. We noted 16 plasmids, ranging 
from 10,351 to 156,755 bp, 3 of which were circular 
(Figure 2, panel B). We used concatenated sequenc-
es from 650 core genes in our phylogenomic analy-
sis, which encompassed 720,532 nt and grouped the 
CAM-1 isolate with B. turicatae (Figure 2, panel C).

Conclusions
O. turicata ticks were originally described in Mexico 
in 1876 by Alfredo Dugès (11) but were implicated as 
a vector of TBRF spirochetes until the 1930s. In 1933, 
Brumpt et al. detected spirochetes in O. turicata ticks 
collected from Austin, Texas, USA, and he later con-
firmed that the tick transmitted B. turicatae (12). At the 
same time, Pilz and Mooser observed human cases of 
relapsing fever in the city of Aguascalientes, Mexico 
(13). Their work showed that O. turicata ticks were 
in the region, and the researchers implicated that 

species as the vector. Since those reports, studies from 
Mexico on Ornithodoros ticks ecology or TBRF spiro-
chetes have been negligible.

Our findings indicate that updates are needed for 
distribution models of O. turicata ticks. For example, 
a maximum entropy species distribution model pre-
dicted suitable habitat for O. turicata ticks by using 
georeferenced data points from tick collections and re-
ports of B. turicatae, primarily from the United States 
(14). New regions of northern Mexico were predicted 
to have habitat for O. turicata ticks, but there was low 
probability of suitable habitat in other areas of the 
country. However, in addition to collecting ticks from 
Camayeca, Mexico, we also have recovered O. turicata 
ticks from the city of Aguascalientes, Mexico (Figure 1, 
panel A) (15). The 2 cities are >1,000 km apart. Aguas-
calientes is located in the middle of the country and 
is considered a temperate environment, ≈1,900 m in 
elevation, whereas Camayeca is an arid desert region 
at ≈150 m elevation. The environmental differences be-
tween the 2 cities show wider habitat suitability for O. 
turicata ticks than what was previously predicted.

Identifying infected O. turicata ticks in a peri-
domestic setting suggests that TBRF is likely un-
derreported in Mexico. In support of this finding, 
retrospective serodiagnostic studies detected hu-
man exposure to TBRF spirochetes in populations  
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Figure 2. Isolation and genetic 
characterization of Borrelia 
turicatae from ticks collected in 
the village of Camayeca, Mexico. 
A) Spirochetes were isolated 
from murine blood in culture 
medium. Scale bar indicates 20 
µm. B) Genome sequencing and 
assembly generated the plasmid 
repertoire of the bacteria. 
Plasmids were designated as 
lp or cp and by their respective 
size to the nearest kilobase. PF 
partitioning genes are shown 
in each plasmid as orange, 
green, red, and blue triangles. C) 
Maximum-likelihood species tree 
performed in a phylogenomic 
analysis of the spirochete 
sample we extracted, designated 
CAM-1 (boldface), grouped the 
spirochete with B. turicatae. 
The tree was generated with an 
edge-linked proportional partition 
model with 1,000 ultra-fast 
bootstraps. Scale bar indicates 
0.02 substitutions per site. 
cp, circular plasmid; lp, linear 
plasmid; PF, plasmid family.
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originally diagnosed with fever of unknown origin 
(1). Given those observations and our findings, ad-
ditional studies should be conducted to determine 
infection frequencies of argasid ticks collected in peri-
domestic settings and to define the distribution and 
ecology of O. turicata ticks and other argasid ticks of 
human importance in Mexico to increase knowledge 
and awareness of these ticks and the potential threat 
they pose to animal and human health.

This article was preprinted at https://www.biorxiv.org/
content/10.1101/2023.08.01.551332v1.
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Globally, dengue case numbers have increased 
dramatically over recent decades; an estimated 

96 million clinical dengue cases per year have been 
reported in >100 countries (1). Dengue is an acute 
febrile disease that can evolve into a severe life- 
threatening disease. Dengue is caused by an infection 
with the dengue virus (DENV), a member of the fam-
ily Flaviviridae, and has 4 different serotypes (DENV-
1–4) and distinct infection dynamics (2).

In 2022, São Tomé and Príncipe, an island state 
with ≈210,000 inhabitants in the Gulf of Guinea in 
sub-Saharan Africa, reported the occurrence of den-
gue cases in the country. During epidemiologic weeks 
15–50 in 2022, a total of 1,152 dengue fever cases con-
firmed by positive rapid diagnostic tests (RDTs) were 
reported. The first cases were reported April 15, and 
case numbers peaked at 178 notifications in week 24 
(Appendix Figure, https://wwwnc.cdc.gov/EID/

article/30/02/23-1316-App1.pdf). Among the 1,152 
RDT-confirmed cases, the most frequent observed 
symptoms were fever (92%), headache (78%), and 
myalgia (38%). A total of 144 (12.5%) persons were 
admitted to the hospital (Appendix Table 1), and 8 
persons died from infection with the virus. The pre-
sumptive index patient was described as a 27-year-
old man from São Tomé and Príncipe who had trav-
eled to the island of Guadeloupe before arriving in 
São Tomé on March 26, 2022, and whose onset of 
symptoms occurred on April 4, 2022 (3). A previous 
study analyzed the seroprevalence of DENV antibod-
ies in the São Tomé and Príncipe population. In that 
study, 31 of 78 tested pregnant women were found to 
be seropositive for DENV, indicating that the coun-
try’s population might have experienced exposure to 
the virus before 2003–2004, during which the collec-
tion of the analyzed serum samples took place (4).

This study was approved by the Health Ethics 
Committee for Scientific Research at the Ministry 
of Health of STP (approval no. 015B/2022). During 
May 6–16, 2022, we collected 7 plasma samples from 
dengue RDT–positive patients in São Tomé and Prín-
cipe (Appendix Table 2). All 7 infections were con-
firmed by real-time PCR, and subtyping revealed the 
presence of DENV-3 (Appendix Table 2). Long-read 
whole-genome sequencing and subsequent assembly 
(reference strain GenBank accession no. NC_001475) 
resulted in 48–64,440 assembled reads (Appendix  
Table 3) with an average depth of coverage of 4–4,148× 
(Appendix Figure 2). We classified all 7 isolates as 
DENV-3 genotype III (GIII) by using a flavivirus  
genotyping tool (5) with bootstrap support of 100.

To study the evolutionary relationship of the 
virus isolates from São Tomé and Príncipe, we in-
cluded 4 reconstructed genomes with best assembly 
results (>10 kb, genome coverage >98%, depth of 
coverage >250×) in a phylogenomic analysis together 
with 1,168 DENV-3 GIII genomes (Appendix Table 
4) sampled worldwide. All 1,172 sequences passed 
the IQ-TREE2 composition test. The best-fitting evo-
lutionary model according to Bayesian information 
criterion (BIC) was the general time-reversible plus 
empirical frequencies plus invariate sites plus Fre-
eRate model. The reconstructed consensus tree re-
vealed that the newly sequenced DENV-3 isolates 
from São Tomé and Príncipe clustered with and are 
closely related to the new monophyletic clade con-
sisting of 218 DENV-3 sequences detected in the 
Americas during 2022–2023 (Figure). A recent study 
by Naveca et al. (6) demonstrates that this new lin-
eage (GIII-American-II lineage) was most likely in-
troduced to Cuba from the Indian subcontinent in 
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We determined that the dengue outbreak in São Tomé 
and Príncipe during 2022 was caused by dengue virus 
serotype 3 genotype III. Phylogenomic analyses showed 
that the outbreak strain was closely related to the newly 
identified GIII-American-II lineage and that the virus 
probably was introduced from the Americas.
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2019 (6). Consistent with their findings, our consen-
sus tree (Figure) shows 3 DENV-3 sequences collect-
ed in India in 2018 as part of the next bigger clade 
comprising the GIII-American-II lineage and the 4 
isolates from São Tomé and Príncipe. 

Because the index patient reportedly had trav-
eled to Guadeloupe before arriving in São Tomé and 
Príncipe, the likely scenario of virus importation is 
that after the introduction of the DENV-3-GIII lineage 
from Asia to America during 2018–2020, the virus 
might have circulated in the region, and from there 
it was introduced to São Tomé and Príncipe in 2022. 
Although we did not conduct formal phylogeograph-
ic analysis as part of this study, 2 points support our 
conclusions: the epidemiologic information that the 
index patient visited Guadalupe; and the results of 
the previous study from Brazil, describing the new 
DENV-3, GIII-American-II lineage and how it arose 
in America (6). Thus, our results suggest that the São 
Tomé and Príncipe outbreak originated from the new 
American lineage.

According to surveillance data of the Pan Ameri-
can Health Organization, Guadeloupe has experi-
enced yearly dengue outbreaks since 2018, and in the 
year 2020, the serotypes 1–3 were detected (7). Un-
fortunately, no information is available on the DENV 
serotype or genomic sequences on the DENV circu-
lating in 2022 in Guadeloupe, and only sparse infor-
mation is available on dengue cases from countries 
in Africa.

The results of our study corroborate a possible 
global expansion of the new DENV-3 GIII-American-
II clade previously described by Naveca et al. (6). 
Furthermore, finding this American lineage in Africa 
reinforces the importance of genomic surveillance of 
DENV in countries at risk for future outbreaks.
This research was funded by the German Federal Ministry 
of Health, Global Health Protection Program (grant no. 
FKZ 2521GHP919).

We deposited the 4 dengue virus whole-genome sequences 
from this study in the European Nucleotide Archive at 
European Molecular Biology Laboratory–European  
Bioinformatics Institute (accession no. PRJEB65577).
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Figure. Reconstructed 
consensus tree of newly 
sequenced dengue virus 
serotype 3 isolates from São 
Tomé and Príncipe. The isolates 
clustered with and are closely 
related to a new monophyletic 
clade consisting of 218 dengue 
virus serotype 3 sequences 
detected in the Americas 
during 2022–2023. To improve 
visualization, several clades 
have been collapsed. Scale bar 
indicates nucleotide substitutions 
per site.
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After emergence of SARS-CoV-2 in late January 
2020, diagnostic testing was fraught with chal-

lenges. As cases increased, public health agencies 
struggled to provide timely support, prompting vet-
erinary diagnostic laboratories (VDLs) to assist with 
processing human SARS-CoV-2 samples (1). VDLs 
regularly conduct diagnostic testing for infectious 
agents and maintain the necessary equipment, per-
sonnel, facilities, and protocols for animal disease 
testing. Currently, there are 60 university- or state-
affiliated VDLs across the United States (2). On April 
1, 2020, the World Organization for Animal Health 
published guidance stating that VDLs possess the re-
sources and personnel expertise to help human diag-
nostic laboratories meet the demand for SARS-CoV-2 
testing (3,4).

To assess VDL participation in human testing, we 
distributed a 14-question survey (Appendix, https://
wwwnc.cdc.gov/EID/article/30/2/23-0562-App1.
pdf) to 52 VDLs across the United States that had 
available email addresses. The study was reviewed 
by Colorado State University’s Institutional Review 
Board (Protocol no. 3620), and respondent answers 
were deidentified before analysis. The first question 
queried whether human SARS-CoV-2 samples were 
tested and required an affirmative response to contin-
ue the survey. Subsequent questions were optional. 
Responses were gathered during July 7–December 22, 
2022. Two follow-up reminders were sent during the 
open survey period. Responses were received from 
26 (43.3%) of the 60 VDLs overall or 26 (50%) of the 
52 VDLs that were contacted. Nine respondents indi-
cated no human testing, and 17 (65.4%) of the 26 re-
sponding VDLs reported performing human testing. 
When >1 response was received from the same VDL 
(5 VDLs submitted >1 survey), numeric data were av-
eraged, and all free text entries were included.

The duration of human testing across respond-
ing VDLs ranged from 5 to 31 months; average 

1Preliminary results from this study were presented at the 65th 
American Association of Veterinary Laboratory Diagnosticians 
Conference and the 126th US Animal Health Association Annual 
Conference, October 6–12, 2022, Minneapolis, Minnesota, USA.
2These authors were co–principal investigators.

The SARS-CoV-2 pandemic showed limitations in  
human outbreak testing. Veterinary diagnostic laborato-
ries (VDLs) possess capabilities to bolster emergency 
test capacity. Surveys from 26 participating VDLs found 
human SARS-CoV-2 testing was mutually beneficial, in-
cluding One Health benefits. VDLs indicated testing >3.8 
million human samples during the pandemic, which in-
cluded some challenges.
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testing duration was 20 months (95% CI 15.7–24.4 
months). Twelve VDLs reported testing numbers 
ranging from 6,000 to 200,000 samples/facility (95% 
CI 67,200–224,000 samples/facility). One additional 
facility reported 2.1 million samples tested, totaling 
≈3.8 million samples. When asked to declare popula-
tions served, VDLs indicated staff and students as the 
largest testing group, followed by local community as 
the second largest and long-term care facilities as the 
third largest (Figure).

We asked VDLs to rank the main challenges for 
human SARS-CoV-2 testing by using a rank-order 
question with 6 predefined and 3 open-response op-
tions. The survey asked respondents to rank items 
from 1 to 9, where 1 represented not challenging and 
9 represented most challenging; each rank was se-
lected only once. Personnel was the biggest challenge 
reported (average rank 7.7). Supplies (5.7) and certifi-
cation (5.4) were moderately challenging on average, 
and facilities (3.7), training (3.6), and funding (3.0) 
were less challenging.

All respondents reported that the experience was 
beneficial to overall work going forward, 66.7% strong-
ly agreeing and 33.3% somewhat agreeing. When 
asked to elaborate, 14 respondents included opportu-
nities to optimize personnel, optimizing testing work-
flows, increased recognition, and relationship building 
as benefits. Most (83%) surveyed VDLs responded yes 
to the question of whether their laboratories experi-
enced One Health benefits related to performing hu-
man sample testing (i.e., interagency connections, in-
terdisciplinary work, or ideas that came from testing). 

In a follow-up write-in question, respondents’ com-
ments included improved awareness and recognition, 
relationship building, resultant collaborative opportu-
nities, and sharing of information.

Two final questions asked about lessons learned. 
Responses supported planning and readiness with 
flexible workspaces, tested workflows, available 
trained personnel, financial needs, quality sample 
management, and validated equipment. Knowledge 
about Clinical Laboratory Improvement Amend-
ments regulations and certification (https://dch.
georgia.gov/divisionsoffices/hfrd/facilities-provid-
er-information/clia) was mentioned in 40% of re-
sponses. Additional comments focused on the need 
for staff support, challenges to managing sample 
requirements, balancing multiple disease outbreaks, 
the need for establishing relationships, and pride in 
accomplishments.

Challenges reported through  the survey included 
access to supplies as supply chain disruptions contrib-
uted to difficulty in procuring instrumentation, labora-
tory consumables, and personal protective equipment. 
Challenges related to personnel included availability 
of staff that met state-level criteria for testing, such as 
Clinical Laboratory Improvement Amendments certi-
fication. Further complications experienced by many 
VDLs included software integration and maintenance 
for reporting test results, as well as coordination of 
sample collection and receiving and handling from 
collaborating entities. The SARS-CoV-2 caseload was 
often in addition to existing testing needs, requiring 
longer or irregular working hours to meet expected 

Figure. Population served (A) and perceived funding adequacy (B) of veterinary diagnostic laboratories (VDLs) conducting human  
SARS-CoV-2 testing, United States. A) Sum of responses for each of 5 selectable testing population types as reported by 13 of 17 VDLs 
performing human SARS-CoV-2 testing that responded to this optional question. VDLs could select any combination of answers that 
represented their specific testing populations. LTC, long-term care. B) Percentages of the 11 of 17 VDLs performing human SARS-CoV-2 
testing that responded to the optional question to select 1 of 5 funding adequacy descriptions (no responses were received for inadequate).
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turnaround times. For frontline pandemic workers, 
those conditions might have contributed to accelerated 
staff burnout and reported staff challenges.

The SARS-CoV-2 pandemic offers a One Health 
case model, given that both humans and animals 
may become infected and environmental detec-
tion is possible (e.g., wastewater) (5,6). As recent-
ly demonstrated, human testing facilities might 
struggle to meet emergency public health demands 
without additional support; however, laboratories 
that regularly test other zoonotic and nonzoonotic 
pathogens can help meet testing needs. Many of the 
responding VDLs reported mutually beneficial out-
comes from participating in human SARS-CoV-2 
testing, particularly in the form of new interagency 
relationships, shared information, and improved 
recognition. Similar coordinated, collaborative ef-
forts might be particularly useful in mitigating fu-
ture pandemics and improving disease response 
outcomes (7,8).
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During the COVID-19 pandemic, nucleic acid am-
plification tests (NAATs) and rapid antigen tests 

(RATs) have been widely used to direct patient care 
and control transmission (1). NAATs, such as reverse 
transcription PCR, tend to have higher sensitivity and 
1These first authors contributed equally to this article.

We devised a model to interpret discordant SARS-CoV-2 
test results. We estimate that, during March 2020–May 
2022, a patient in the United States who received a 
positive rapid antigen test result followed by a negative 
nucleic acid test result had only a 15.4% (95% CI 0.6%–
56.7%) chance of being infected.
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specificity than RATs (2) but often are more costly 
and take much longer to process (3,4). Thus, RATs 
increasingly have been used across the United States 
for at-home symptom-based testing and asymptom-
atic screening in healthcare, educational, and public 
event settings (5).

During June 2020–April 2022, healthcare provid-
ers recommended a confirmatory NAAT after a posi-
tive RAT because of high false-positive rates for RATs 
when community disease prevalence was low (6,7). 
When a patient received a negative confirmatory 
NAAT result, clinicians had to decide which of the 
results was erroneous and suggest a course of action. 

In this study, we describe a statistical model that 
can guide the interpretation of discordant test results. 
The model considers test sensitivity and specificity 
and estimated community prevalence of the virus. 
By using community prevalence, the model can es-
timate the probability that an initial RAT result was 
a false-positive after a negative confirmatory NAAT 
result (Appendix, https://wwwnc.cdc.gov/EID/
article/30/2/23-0200-App1.pdf).

As a case study, we considered BinaxNOW (Ab-
bott Laboratories, https://www.abbott.com), a test 
widely used in 2021. BinaxNOW had an estimated 
test sensitivity of 84.6%; we also considered various 
NAAT false-negative rates depending on how long 
after BinaxNOW a NAAT was administered: 68% at 
0 days, 37% at 1 day, 24% at 2 days, and 21% at 3 
days (2). For a patient who received a positive RAT 
result and then a negative NAAT result, we estimat-
ed the probability that the RAT result was erroneous 
and the patient was not infected (Figure, panel A). 
That probability was >80% if community prevalence 
was <200 new weekly COVID-19 cases/100,000 pop-
ulation, the Centers for Disease Control and Preven-
tion (CDC) threshold for low community prevalence 
(8), and generally declined as disease prevalence in-
creased (Figure, panel A). However, a tradeoff exists 
between NAAT accuracy and speed of diagnosis. 
For instance, if RAT and NAAT were administered 
on the same day, the RAT false-positive probabil-
ity was 89.6% (95% CI 80.5%–100%) when commu-
nity COVID-19 levels were low according to CDC  

Figure. Estimated probability that 
a positive RAT result is erroneous 
given a subsequent negative 
NAAT in a model for interpreting 
discordant SARS-CoV-2 diagnostic 
test results. A) Estimated RAT 
false-positive percentages for levels 
of community transmission ranging 
from 0–2,500 COVID-19 cases per 
100,000 population. Green and 
yellow shading correspond to the 
Centers for Disease Control and 
Prevention threshold for low and 
medium or high community levels 
(8). Line color corresponds to 
different numbers of days between 
the initial RAT and confirmatory 
NAAT, ranging from same day 
(lightest gray) to 3 days later 
(black). B) Estimated RAT false-
positive percentages for the United 
States (purple), Florida (green), 
and New York (orange) during 
March 2020–May 2022, assuming 
the NAAT is administered 1 day 
after the RAT and that 1 in 4 cases 
were reported. Shading reflects 
uncertainty in Centers for Disease 
Control and Prevention estimated 
COVID-19 infection underreported, 
ranging from 1 in 3 to 1 in 5. The 
gray time series along the bottom 
indicates the daily 7-day sum 
of reported COVID-19 cases in 
the United States. NAAT, nucleic 
acid amplification test; RAT, rapid 
antigen test.
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guidelines. However, if the NAAT was administered 
3 days after the RAT, the corresponding probability 
increased to 96.4% (95% CI 93.0%–100%) (Appen-
dix Table 4). Our confidence in the negative NAAT 
result peaked when the NAAT was administered 4 
days after the RAT (Table; Appendix Figure 1, panel 
B). Barring other external information (e.g., symp-
tomicity), clinicians can be 89.6% (95% CI 80.5%–
100%) confident that the initial RAT result was false-
positive when a community is in low risk according 
to CDC guidelines and 70.5% (95% CI 62.0%–80.5%) 
confident the same RAT was false-positive when the 
community is at medium or high risk (Appendix 
Tables 2–4, Figure 1, panel A).

During May 2020–May 2022, we estimate that 
RAT false-positive probability in the United States 
ranged from 34% (95% CI 29%–41%) to 97.7% (95% 
CI 97.2%–98.3%), assuming a 25% (95% CI 20%–
33%) case reporting rate (Figure, panel B) (9). The 
probability of an erroneous RAT was lowest during 
the Omicron surge in the winter of 2021–22, when 
community prevalence was estimated to be high-
est. At the Omicron peak, we estimate RAT false-
positive probabilities of 15% (95% CI 11%–20%) 
for New York, 25% (95% CI 21%–32%) for Florida, 
and 34% for (95% CI 29%–41%) the United States  
(Figure, panel B). The relative trends are similar 
for other commonly used antigen tests, but the 
estimated false-positive rates depend on test sen-
sitivities and specificities for each test (Appendix 
Figures 2, 3).

Rapid and reliable diagnoses of severe infec-
tious diseases is critical for clinical care and infec-
tion control. However, the first 2 years of the CO-
VID-19 pandemic revealed enormous barriers to 
deploying inexpensive, rapid, and accurate tests 
to combat a newly emerging or rapidly evolving 

pathogen. We developed this framework during 
fall 2021 to guide decision-making by patients, 
physicians, and public health officials in the Aus-
tin, Texas, USA metropolitan area. The University 
of Texas used this model for decision-making re-
garding when patients might need to visit a clini-
cian. Our framework is limited by the accuracy of 
the estimates of the RAT and NAAT test sensitivity 
and specificity and the estimated community dis-
ease prevalence, which we drew from transmission 
estimates from the first 2 years of the pandemic. If 
community prevalence was higher than we esti-
mated, which could be the case in the early weeks 
of the pandemic, our model could overestimate the 
RAT false-positive rate. 

In conclusion, we developed a model to esti-
mate false-positive RAT rates during the COVID-19 
pandemic. The model inputs can be readily modi-
fied to guide the interpretation of discordant tests 
as COVID-19 continues to evolve and as RATs be-
come more widely used for other diseases, such as 
influenza or respiratory syncytial virus (10).

This article was preprinted at https://medrxiv.org/cgi/
content/short/2023.02.07.23285547v1.
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The COVID-19 pandemic that began in 2019 re-
mains uncontained, and fatalities and multiple 

waves of infection continue to occur worldwide (1). 
The causative agent, SARS-CoV-2, has been detected 
in humans and several animal species, including do-
mestic, wild, and laboratory animals (2,3). Because 
SARS-CoV-2 can be transmitted from humans to 
animals and back to humans, understanding the dy-
namics of infection in animals can contribute to the 
creation of more comprehensive response strategies.

We identified SARS-CoV-2 infection in beavers 
(Castor fiber) farmed for conservation reasons in Mon-
golia and report on serologic and whole genome 
sequence data from this outbreak. The beaver farm, 
located in the Bayanzurkh district in Ulaanbaatar, 
Mongolia, reared 32 adults and 16 kits in 2021. They 
were housed indoors in a large area separated by 
waist-high walls, with space for multiple animals. 
One of the 7 employees of the farm had influenza-
like symptoms for several days and was diagnosed 
with COVID-19 on August 6, 2021. On August 9, the 
beaver farm reported the death of 2 beavers (one 6 
months of age and one 2 years of age) after signs of 
coughing, nasal discharge, rasping on auscultation of 
the lungs and chest cavity, sluggish movement, and 
aversion to food. On August 13, research investiga-
tors collected nasal swabs, saliva, and 7 tissue samples 

1These first authors contributed equally to this article.

We report an outbreak of COVID-19 in a beaver farm in 
Mongolia in 2021. Genomic characterization revealed a 
unique combination of mutations in the SARS-CoV-2 of 
the infected beavers. Based on these findings, increased 
surveillance of farmed beavers should be encouraged.
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(lung, kidney, liver, heart, spleen, larynx, and tongue 
from the 2 dead animals. Researchers also collected 
nasal swab specimens, saliva, and blood from 7 other 
beavers with notable clinical signs of coughing and 
purulent nasal discharge. Follow-up investigation on 
August 18 or 19 and on September 12 included collec-
tion of additional nasal swab specimens, saliva, and 
blood samples from the same animals as well as from 
2 healthy animals (September 12 only).

All samples were transported to a Biosafety Level 
3 facility in Ulaanbaatar and were screened by quanti-
tative reverse transcription PCR according to the Peiris 
protocol (4). The results showed that 46 of 48 specimens 
from 9 animals with clinical signs, including the 2 dead 
animals, tested positive for SARS-CoV-2 RNA. Serum 
was separated from the blood samples by centrifugation 
(2,000 × g for 10 min) and stored at −20°C until required. 
The serum samples were then subjected to antibody 
screening by using a commercial ELISA kit (ID Screen 
SARS-CoV-2 Double Antigen Multi-species ELISA; In-
novative Diagnostics, https://www.innovative-diag-
nostics.com). Fifteen of 23 samples tested positive and 

1 was intermediate, indicating that all animals became 
antibody positive within 1 month of confirmation of 
SARS-CoV-2 RNA positivity. One clinically unremark-
able beaver tested positive for SARS-CoV-2 antibodies, 
indicating a possible subclinical infection (Table).

We shipped 5 randomly selected quantitative 
reverse transcription PCR–confirmed SARS-CoV-2–
positive RNA samples to the Animal Production 
and Health Laboratory (Seibersdorf, Austria), a 
joint program of the International Atomic Energy 
Agency and the Food and Agriculture Organiza-
tion of the United Nations, and subjected them to 
whole-genome sequencing (Appendix 1, https://
wwwnc.cdc.gov/EID/article/30/2/23-1318-App1.
pdf; Appendix 2, https://wwwnc.cdc.gov/EID/
article/30/2/23-1318-App2.xlsx). Based on genotype 
analysis, all 5 genome sequences were assigned to the 
B.1.617.2 lineage, commonly referred to as the Delta 
variant. At the time of sampling, Alpha and Delta 
variants of SARS-CoV-2 were being identified in hu-
mans in Mongolia. The closest related sequences to 
those we identified in the beavers studied were from  

Figure. Phylogenetic tree of SARS-CoV-2 identified from beavers and humans in Mongolia (gray boxes) and reference sequences. The 
circle size indicates the bootstrap values at the node. The vertical bar shows the genetic distance. SARS-CoV-2 lineages are identified 
at right. GenBank accession numbers and date identified are shown for reference sequences; the newly obtained sequence data were 
deposited in GenBank (accession nos. OR389473–7).
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human SARS-CoV-2 in Mongolia (GenBank accession 
nos. ON008302, OM190617, and OM961234) identified 
during April–September 2021 (Figure). In addition to 
4 mutations in the spike region, the sequences shared 7 
amino acid substitutions in open reading frame [ORF] 
1a, 4 amino acid substitutions in ORF1b, and 1 amino 
acid substitution in nucleocapsid genes. In the beaver 
sequences, 4 amino acid substitutions identified were 
not in the human isolates from Mongolia: S2500F, 
A3657V in ORF1a and H604Y, T1404M in ORF1b. Al-
though those substitutions have been identified indi-
vidually in SARS-CoV-2 sequences in GenBank and 
the GISAID database (https://www.gisaid.org), there 
are no records of sequences with all 4 mutations.

Several cases of SARS-CoV-2 transmission be-
tween humans and animals have already been re-
ported (5–8). An alarming aspect of SARS-CoV-2 in-
fection in animals is that host animals can maintain 
the virus and contribute to the emergence in humans 
of new variants that have accumulated multiple mu-
tations (7–10). Indeed, the specific combination of 
mutations observed in the beavers we studied has not 
been found in other SARS-CoV-2 sequences in public 
databases (as of November 2023). This finding sug-
gests that the mutations might have occurred or ac-
cumulated after the introduction of the virus into the 
beaver population. Because the emergence of viruses 
with mutations not targeted by current SARS-CoV-2 
vaccines is a credible possibility, more active surveil-
lance of SARS-CoV-2 infection in animals should be 
encouraged to identify the appearance of mutated vi-
ruses. In intensively farmed animals, species–species 
and species–humans contact is more frequent than in 
animals dwelling in other environments, which might 
increase the risk for zoonotic pathogen transmission 
(2). Thus, implementing more active surveillance and 
infection control strategies is critical to disease pre-
vention and containment.

Samples used in this study were those submitted to the 
State Central Veterinary Laboratory, Mongolia, for  
emergency diagnosis of SARS-CoV-2. Ethics approval was 
not required. 
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Table. Sampling date and results of serologic analysis of SARS-CoV-2 antibodies from farmed beavers, Ulaanbaatar, Mongolia, 2021* 

Animal ID Status 
Date of swab sampling and qRT-PCR results 

 
Date of serum sampling and ELISA results† 

2021 Aug 13 2021 Aug 19 2021 Sep 12 2021 Aug 13 2021 Aug 18 2021 Sep 12 
1 Died Sep 8 Positive NT NT  NT NT NT 
2 Died 2021 Sep 8 Positive NT NT  NT NT NT 
3 Sick Positive Positive Positive  Negative Negative Positive 
4 Sick Positive Positive Positive  Negative Negative Positive 
5 Sick Positive Positive Positive  Negative Positive Positive 
6 Sick Positive Positive Positive  Positive Positive Positive 
7 Sick Positive Positive Positive  Positive Positive Intermediate 
8 Sick Positive Positive Negative  Positive Positive Positive 
9 Sick Positive Positive Negative  Negative Positive Positive 
10 Healthy NT NT NT  NT NT Positive 
11 Healthy NT NT NT  NT NT Negative 
*ID, identification; qRT-PCR, quantitative reverse transcription PCR; NT, not tested. 
†ID Screen SARS-CoV-2 Double Antigen Multi-species ELISA (Innovative Diagnostics, https://www.innovative-diagnostics.com). The interpretation is 
based on the signal-to-noise (S/N) ratio, (sample optical density [OD] 450/negative control OD450)  100, according to instruction manual. Positive: 
S/N>100.0; intermediate: 100.0>S/N>50.0; negative: 50.0>S/N.  
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A 22-year-old man with a history of an unre-
paired congenital ventricular septal defect 

(VSD) experienced 3 months of progressive dys-
pnea on exertion, weight loss, and fatigue and 2 
weeks of debilitating weakness. He had been born 
in Guatemala, where he worked in construction; 
he had had contact with goats, horses, cattle, and 
chickens but reported no contact with dogs or cats. 
Eighteen months before he sought care, he had 
migrated to the mid-Atlantic region of the United 
States, where he lived with his uncle and a few oth-
er adults in a suburban town. He continued to work 
in construction, did not use illicit drugs, and had 1 
female sexual partner. Six months after he arrived, 
his uncle took in a stray dog.

The patient was afebrile, hypotensive, brady-
cardic, and thin. A systolic ejection murmur and a 
fourth heart sound were present. He had right up-
per quadrant abdominal tenderness and digital 
clubbing. Laboratory studies revealed anemia, un-
remarkable creatinine levels, and elevated liver en-
zymes (Table). Results of 3 sets of bacterial blood 
cultures and 1 set of fungal blood cultures were 
negative. Transthoracic and transesophageal echo-
cardiograms demonstrated a VSD with bidirectional 
shunting and a mobile mitral valve echodensity. We 

A 22-year-old man from Guatemala sought care for sub-
acute endocarditis and mycotic brain aneurysm after liv-
ing in good health in the United States for 15 months. 
Bartonella rochalimae, a recently described human and 
canine pathogen, was identified by plasma microbial cell-
free DNA testing. The source of infection is unknown.

 
Table. Laboratory results for patient with infective endocarditis 
caused by Bartonella rochalimae, United States* 
Test Result Reference range 
Leukocytes, K/L 4.8  4.5–11.0 
Hemoglobin, g/dL 10.9  12.6–17.4 
Platelets, K/L 168  153–367 
Creatinine, mg/dL 0.77  0.66–1.25 
AST, units/L 84  17–59 
ALT, units/L 58  0–49 
Alkaline phosphatase, units/L 109  38–126 
Total bilirubin, mg/dL 0.6  0.3–1.2 
CRP, mg/dL 3.7  <1.0 
ESR, mm/h 81  0–15 
4th-generation HIV antigen 
and antibody test 

Nonreactive Nonreactive 

Coxiella burnetii Phase 2 IgM 1:32 Negative 
C. burnetii Phase 2 IgG 1:128 Negative 
C. burnetii Phase 1 IgM Negative Negative 
C. burnetii Phase 1 IgG 1:16 Negative 
Brucella antibody 
agglutination 

<1:20 <1:20 

Chlamydia pneumoniae IgM <1:20 <1:20 
C. pneumoniae IgG 1:512 <1:64 
C. trachomatis IgM <1:20 <1:20 
C. trachomatis IgG 1:128 <1:64 
C. psittaci IgM <1:20 <1:20 
C. psittaci IgG 1:512 <1:64 
Bartonella henselae IgG >1:1024 Unknown 
B. henselae IgM 1:64 Unknown 
B. quintana IgG >1:1024 Unknown 
B. quintana IgM <1:16 Unknown 
*Bold text indicates abnormal values. ALT, alanine transaminase; AST, 
aspartate transferase; CRP, C-reactive protein; ESR, erythrocyte 
sedimentation rate. 

 



initiated treatment for culture-negative infective en-
docarditis (Figure). A computed tomography angio-
gram of the brain, performed on day 2, revealed a 
2–3 mm mycotic aneurysm in the right frontal mid-
dle cerebral artery; it appeared smaller by digital 
subtraction angiography on day 7.

On hospital day 2, we sent a plasma microbial 
cell-free DNA (mcfDNA) test to Karius (Redwood 
City, CA, USA). The result on day 4 was positive for 
Bartonella rochalimae DNA (47,501 molecules/µL; ref-
erence <10 molecules/µL). We changed the antimi-
crobial drug regimen to target Bartonella endocarditis 
and adjusted it over the hospital stay to avoid toxici-
ties and interactions (Figure). We performed serolog-
ic tests for Bartonella, Brucella, Chlamydia, and Coxiella 
species (Table).

Thirteen days after admission, the mitral valve 
was surgically replaced; both valve leaflets demon-
strated chronic-appearing vegetations, and the ante-
rior leaflet was perforated. Results for bacterial cul-
ture of the valve tissue were negative; histopathology 
was not performed. Mitral valve tissue 16S ribosomal 
RNA amplicon-based next-generation sequencing 
(NGS) was performed by the University of Washing-
ton Department of Laboratory Medicine Molecular 
Diagnosis Microbiology Section (Renton, WA, USA). 
After mitral valve replacement, the left-to-right shunt 
increased, and the patient underwent a second ster-
notomy and open VSD repair. The amplicon-based 
NGS test of the mitral valve tissue result, received on 
hospital day 36, was positive for B. rochalimae. The pa-
tient was discharged and instructed to complete an 
additional 3-month course of oral doxycycline. How-
ever, he moved out of the region 2 months later, so no 
follow-up visits occurred.

B. rochalimae was first isolated from a person trav-
eling from the United States to Peru and demonstrated 
to be the cause of her febrile illness in 2007 (1). It has 
since been detected in 1 other human (2). We report a 
case of B. rochalimae human infective endocarditis in 
a man with an unrepaired congenital heart disease, 
diagnosed by plasma mcfDNA and confirmed to the 
species level by NGS of the endocardial tissue. Results 
of serologic tests for other Bartonella species and Coxi-
ella and Chlamydia species may be elevated because 
of co-exposure or cross-reactivity (3,4). B. rochalimae 
has not been detected in other clinical samples by the 
Karius test (L. Dyner, Karius, Inc., pers. comm., email, 
2023 Feb 17) and was not detected among 168 Barton-
ella spp. identified to the species level by 16S PCR at 
the University of Washington during 2003–2021 (5).

A published case of human disease occurred 
in a traveler who had been exposed to arthropods 

in Peru; a closely related, possibly identical, spe-
cies named AF415211, was collected from a flea 
in Peru in 1998 (1,6). It is unclear if B. rochalimae 
exists in Guatemala, where the patient we report 
lived, or if the infection was subclinical for the 15 
months he was living in the United States in good 
health. B. rochalimae has caused infective endocar-
ditis in dogs in the United States and Europe and 
has been detected by PCR in the fleas or blood of 
dogs throughout the world (6–8). Dogs, foxes, and 
coyotes may be natural reservoirs. Our patient did 
report exposure to a dog, but only after arriving in 
the mid-Atlantic region of the United States. The lo-
cation and vector of this patient’s infection require 
further investigation, but our findings illustrate 
that mcfDNA may be useful to identify of new and  
emerging pathogens.

The University of Maryland, Baltimore Institutional 
Review Board determined that this work is not human 
research and does not require IRB review.
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Figure. Diagnostics and treatments for Bartonella rochalimae 
endocarditis during a 36-day hospitalization. Dotted lines indicate 
the time between specimen collection and test result for mcfDNA 
and MV tissue NGS tests. CTR, ceftriaxone; DAP, daptomycin; 
DOX, doxycycline; mcfDNA, microbial cell-free DNA; MV, mitral 
valve; NGS, next-generation sequencing; RIF, rifampin; TOB, 
tobramycin; VSD, ventricular septal defect.
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A West Nile virus (WNV) outbreak among equids 
occurred in Andalusia, Spain, in 2020, and subse-

quent cases were reported in 2021 and 2022 (1). Thus 
far, WNV originating in the United Kingdom has not 
been detected, and surveillance of birds is used to 
monitor for possible introduction. WNV was previ-
ously detected in the United Kingdom in a horse re-
turning from Cyprus, where WNV circulates season-
ally (2). Serologic data suggest that <30% of horses in 
the United Kingdom are currently vaccinated because 
WNV is not endemic (3). The risk factors that predis-
pose horses to developing neurologic disease after 
WNV infection are unknown. 

In November 2022, a 7-year-old mare showing 
clinical signs of ataxia, hyperesthesia, and reluctance 
to move was admitted to the Royal Veterinary Col-
lege Referral Hospital (Hatfield, UK). The mare had 
just returned to the United Kingdom after 1 month 
in Andalusia and 2 days of traveling through France. 
Quantitative reverse transcription PCR (qRT-PCR) 
performed on a nasopharyngeal swab sample was 
negative for equine herpesviruses 1 and 4. Because 
of the mare’s travel history and seasonal presence of 
WNV in Spain, serum was submitted to the Animal 
and Plant Health Agency for WNV antibody testing. 
The result of ELISA testing for detection of WNV IgM 
(IDvet, https://www.innovative-diagnostics.com), 
indicative of recent infection or vaccination, was 
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We report fatal West Nile virus (WNV) infection in a 
7-year-old mare returning to the United Kingdom from 
Spain. Case timeline and clustering of virus sequence 
with recent WNV isolates suggest that transmission 
occurred in Andalusía, Spain. Our findings highlight 
the importance of vaccination for horses traveling to  
WNV-endemic regions.



positive. The mare had no record of having received 
WNV vaccine. WNV-specific qRT-PCR (4) failed to 
detect virus in serum and cerebrospinal fluid sam-
ples. After receipt of anti-inflammatories (0.1 mg/kg 
dexamethasone), the mare’s condition improved ini-
tially, allowing her discharge from hospital. How-

ever, after discharge, her condition deteriorated and 
she was readmitted to the referral hospital, where 
she was euthanized because of rapid progression of 
neurologic signs leading to recumbency.

A full postmortem examination performed 
under Biosafety Level 3 containment showed no  
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Figure 1. Next-generation 
sequencing data associated 
with fatal West Nile virus 
(WNV) infection in a horse 
returning to the United Kingdom 
from Spain, 2022. Bayesian 
phylogenetic tree analysis of a 
624-bp sequence located in the 
nonstructural 5 gene showed 
that the strain from the horse 
(boldface; GenBank accession 
no. OQ857020) clusters 
with recent sequences from 
Andalusia, Spain (gray shading). 
Next-generation sequencing was 
conducted on an Illumina MiSeq 
sequencer (https://www.illumina.
com). The sequence was 
aligned with 23 WNV lineage 
1 and 2 reference sequences 
obtained from GenBank in 
MEGA version 11.0.13 (https://
www.megasoftware.net), and a 
Bayesian phylogenetic analysis 
was undertaken in BEAST 
version 1.10.4 (https://beast.
community) using a general 
time reversible plus invariant 
sites plus gamma nucleotide 
substitution model and 
10,000,000 Markov chain Monte 
Carlo generations. Node labels 
represent posterior probabilities. 
Accession number, country, year 
of detection and host species are 
included for each sequence. 

Figure 2. Timeline of events associated with fatal WNV infection in horse returning to the United Kingdom from Spain, 2022. qRT-PCR, 
quantitative reverse transcription PCR; WNV, West Nile virus.



substantial gross pathology. Histopathologic in-
vestigation of the central nervous system (CNS) re-
vealed mild nonsuppurative inflammation, affecting 
predominantly gray matter of the brainstem and 
spinal cord, consistent with a viral infection. Micro-
scopic examination of peripheral nervous tissue and 
a range of viscera (heart, skeletal muscle, lung, liver, 
kidney, spleen, and submandibular lymph node) 
revealed no substantial pathologic changes. Immu-
nohistochemical staining with Kunjin virus primary 
antibodies (nonstructural 1, rabbit; Australian Ani-
mal Health Laboratory, https://www.csiro.au/en/
about/facilities-collections/acdp) detected small 
amounts of virus antigen in association with inflam-
matory foci in the spinal cord only. No specific im-
munostaining was found elsewhere in the CNS or 
any other tissues. WNV-specific qRT-PCR detected 
WNV RNA in brain tissue (mesencephalon, cerebral 
cortex, and medulla oblongata) and in the spinal 
cord. A partial genomic sequence was obtained from 
RNA samples of the spinal cord by next-generation 
sequencing. The resulting phylogeny showed clus-
tering of the retrieved virus sequence with recent 
isolates of lineage 1a from mosquitoes and humans 
in Andalusia (Figure 1) (5), suggesting that trans-
mission most likely occurred in Andalusia.

In conclusion, travel history, clinical examina-
tion, laboratory testing, and postmortem examination 
combined indicated an acute WNV infection in this 
horse (Figure 2). In contrast to cases in birds and some 
humans, WNV infection in horses seems to be charac-
terized by encephalitic lesions with little associated 
antigen, occasionally even a discrepancy between 
distribution of virus antigen and location of lesions 
(6). Although IgM is detectable 4–6 weeks after infec-
tion, the low levels of virus in CSF, blood, and tissue 
are consistent with earlier descriptions of WNV infec-
tions in horses (7).

Vaccination is strongly advised for all horses 
traveling to areas where WNV is known to circu-
late because treatment consists only of symptomatic 
support, whereas licensed vaccines providing effec-
tive protection are available (8). In light of the ongo-
ing spread of WNV across the world, an increasing 

amount of traveling horses are at risk. Veterinary and 
public health bodies should therefore increase vigi-
lance for this emerging disease and prepare for more 
WNV infections in the future.
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Lymphocytic choriomeningitis virus (LCMV; 
species Mammarenavirus choriomeningitidis) is a 

single-stranded RNA virus that has a bisegmented 
genome and ambisense coding strategy (1). LCMV 
is a zoonotic virus that causes encephalitis, menin-
gitis, and sudden infant death syndrome in humans 
(2,3) and callitrichid hepatitis in New World primates 
(family Callitrichidae) (4). According to phylogenetic 
analysis, LCMV lineages I–IV are recognized. The 
most common, lineages I and II, are found worldwide 
(the house mouse, Mus musculus, is a reservoir host), 
whereas lineage III was found in 1 patient in Georgia, 
USA. Lineage IV was identified by sequencing small 
(S) RNA segments obtained from wood mice (Apode-
mus sylvaticus) found at 3 sites in southern Spain (5). 
That same study also reported the presence of LCMV 
antibodies in M. musculus, M. spretus, and Rattus nor-
vegicus (Norway) rats in Spain (5). Similarly, LCMV-
reactive antibodies have been found in wood mice 
from Austria (6) and in yellow-necked field mice 
(Apodemus flavicollis) and voles from Italy (7). LCMV 
reemerged in Germany in a captive golden lion 

tamarin (Leontopithecus rosalia) and sympatric wild  
M. musculus domesticus mice (8). We report the dis-
covery of LCMV RNA in wood mice from Germany. 

High-throughput sequencing of pooled brain 
tissue from Apodemus spp. captured in southern 
Germany revealed the presence of LCMV sequence 
reads (Appendix, https://wwwnc.cdc.gov/EID/
article/30/2/23-0868-App1.pdf). We tested brain 
tissue samples from each of those animals (4 yellow-
necked field mice and 13 wood mice) separately by 
reverse transcription PCR (9). We found LCMV am-
plification products of the expected length only in 2 
wood mouse samples (KS20/3119 and KS20/3122). In 
addition, we tested 132 rodents and shrews collected 
during 2005–2018, representing 5 species from the 
same geographic region in Bavaria, Germany, as the 
2 LCMV RNA-positive animals. Those 132 animals 
were negative for LCMV RNA by using conventional 
panarenavirus reverse transcription PCR (Appendix 
Table 1, Figure 1). 

We captured all 134 animals (132 rodents and 
shrews plus 2 LCMV-positive wood mice) near natu-
ral forest or reforested areas at an altitude of 366–620 
m by using line trapping. We placed traps 2 m apart 
within lines and 10 m between lines. We trapped ani-
mals 1 time per year for 2 consecutive nights during 
2005–2018.

We assembled nearly complete sequences of 
LCMV large (L) and S RNA segments and host mi-
tochondrial cytochrome b DNA from brain tissue of 
the 2 LCMV-positive wood mice and performed phy-
logenetic analyses. We deposited LCMV sequences 
obtained in this study in GenBank (accession nos. 
OR135709–12). The L (7,144 nt) and S (3,342 nt) se-
quences contained complete coding regions except 
for the first ≈55 nt and last ≈18 nt of the L segment and 
first ≈18 nt and last ≈24 nt of the S segment. For all 
3 coding regions examined (L protein, glycoprotein, 
and nucleocapsid protein), virus sequences from the 
2 mice formed a separate monophyletic clade (tenta-
tively named lineage V) that is ancestral to all previ-
ously published LCMV sequences (Figure; Appendix 
Figures 2, 3) and highly divergent at the nucleotide 
and amino acid sequence levels (Appendix Table 2). 
Phylogenetic analysis of wood mouse mitochondrial 
cytochrome b sequences showed that both LCMV-
positive animals clustered with Apodemus sylvaticus 
subclade 2b (Appendix Figure 4), the same subclade 
as the mice from Spain in which LCMV lineage IV 
was discovered (5).

In conclusion, we identified a new LCMV lineage 
in wood mice from southern Germany. Unlike Dan-
denong virus, an unclassified mammarenavirus that 
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We identified a novel lineage of lymphocytic choriomen-
ingitis virus, tentatively named lineage V, in wood mice 
(Apodemus sylvaticus) from Germany. Wood mouse–
derived lymphocytic choriomeningitis virus can be found 
across a substantially greater range than previously 
thought. Increased surveillance is needed to determine 
its geographic range and zoonotic potential. 



falls within lineage II (both L and S segments), se-
quences from lineage V constitute their own distinct 
clade that is basal to other known LCMV lineages. 
Host mitochondrial DNA sequences indicated the 
wood mice from Germany belonged to the same clade 

as those in which LCMV lineage IV was previously 
identified in Spain. The serologic evidence of LCMV 
in wood mice from Italy (7) and Austria (6) combined 
with LCMV RNA detection in wood mice from Spain 
(5) and this study suggest that wood mouse-derived 
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Figure. Phylogenetic analysis of the nucleocapsid protein encoding region of lymphocytic choriomeningitis virus lineage V identified in 
wood mice, Germany (boldface), and reference sequences. Bayesian inference method was used to analyze the 1,674-nt open reading 
frame corresponding to codons 1–558 without the stop codon. GenBank accession number, strain name, host species, and country of 
origin (if known) are shown. Roman numerals I–IV represent the different virus lineages as defined previously (10). Lunk virus from Mus 
minutoides mice was used as an outgroup. WE and Armstrong are laboratory strains of lymphocytic choriomeningitis virus. Scale bar 
indicates nucleotide substitutions per site. Asyl, Apodemus sylvaticus; AU, Australia; BG, Bulgaria; CN, China; CZ, Czech Republic; DE, 
Germany; ES, Spain; FR, France; GA, Gabon; GF, French Guiana; JP, Japan; Mm, Mus musculus; Mmm, M. musculus musculus; Mmd, 
M. musculus domesticus; SK, Slovakia; US, United States; YU, former Yugoslavia.



LCMV can be found across a substantially greater 
range than previously thought. Greater surveillance 
is needed to determine the geographic range and di-
versity of LCMV in small mammals and the potential 
infection risk to humans.
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To the Editor: As professionals involved in the 
mpox response in Belgium, we read with concern the 
report by Kibungu et al. on a clade I mpox outbreak 
linked to sexual transmission in the Democratic Repub-
lic of the Congo (DRC), in March 2023 (1). The authors 
and the World Health Organization (WHO) reported 
that the male index case had a sexual encounter with 
another man in Belgium before traveling to the DRC, 
where he developed symptoms the day he arrived and 
tested positive for monkeypox virus (MPXV) 8 days 
later (2). By that timeline, WHO suggested, the man 
likely was infected in Belgium. This conclusion raised 
concerns about clade I MPXV circulation within sexual 
networks in Belgium and Europe, regions highly af-
fected by the 2022 clade IIb outbreak.

Mpox diagnoses in Belgium were mostly made 
by using a PCR that does not distinguish between 
clades (3). After the aforementioned reports, we re-
tested stored samples from 296 mpox patients, 37% of 
all mpox patients in Belgium, by using a clade I–spe-
cific PCR (4). None tested positive.

In addition, from October 2022 onward, few 
mpox cases were reported in Belgium; none oc-
curred in the 6 weeks before the DRC cluster started. 
Also, in the 9 months after the DRC outbreak, only 
4 mpox cases were detected in Belgium, the earli-
est of which was diagnosed 12 weeks after the DRC  

index case (L. Liesenborghs et al., unpub. data). 
Moreover, during January–November 2023, we 
screened 2,415 men visiting our sexual health clin-
ic using an MPXV-specific PCR as part of ongoing 
surveillance to detect undiagnosed or asymptomatic 
infections (5). We detected only 1 presymptomatic 
clade IIb MPXV infection.

On the basis of this information, we have no in-
dications that clade I MPXV has been circulating in 
Belgium. However, sustained vigilance, clade differ-
entiation, and timely outbreak investigations remain 
crucial to halting potential spread of clade I MPXV 
through sexual transmission.
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To the Editor: I was impressed by the recent pub-
lication by Aita et al. who reported a surprisingly high 
seroprevalence rate for Rickettsia typhi within resident 
populations on Honshu Island, Japan (1). The authors 
pointed out the possibility of murine typhus reemer-
gence in Japan, where the disease has been reported 
only sporadically (2). However, the conclusions might 
be premature because the study was cross-sectional, 
and only 1 timepoint was evaluated. Many cases of 
murine typhus could have occurred in the distant 
past, which might not be reflected in this type of 
study. A previous study in Spain showed a high inci-
dence rate in patients who were much younger (mean 
age of ≈46 years) (3) than those reported in this study 
(mean age of 67 years). A study in Greece showed fre-
quent epidemiologic links to flea exposure (4), but the 
study in Japan did not investigate this apparent risk 
factor. I do not believe that age-related differences in 
flea exposures exist in Japan; hence, it is likely that 
exposures might have occurred in the past, when per-
sons in Japan had a lower standard of hygiene. Ac-
cording to another study, the median half-life of R. 
typhi IgG was 177 days, and the median IgG titer was 
800 at day 365 postinfection, suggesting long-lasting 
seropositivity (5). Therefore, the relatively stringent 
cutoff value of R. typhi serology in this study (1) could 
have overestimated the prevalence. To demonstrate 
that murine typhus is indeed a reemerging disease 
in Japan, further actual cases in Japan need to be 
identified, or similar seroprevalence studies should 
be repeated in other regions to determine trends in  
R. typhi seropositivity.
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In Response: We thank Dr. Iwata (1) for his re-
marks regarding our study of seroprevalence and 
predictors of murine typhus in Japan (2). In reference 
to long-term seropositivity, high seroprevalence of 
Rickettsia typhi might reflect distant past murine ty-
phus (MT) infections rather than recent infections (2). 
We acknowledge the significance of this limitation in 
interpreting our results, which we first addressed in 
a preprint of the article (T. Aita et al., unpub. data, 
https://doi.org/10.1101/2023.01.12.2328449). None-
theless, we posit that R. typhi seroprevalence would 
include some persons who have recently experi-
enced MT. First, participants with remarkably high 
R. typhi IgG titers probably had recent MT infections, 
because R. typhi IgG titers generally undergo a con-
tinuous postinfection decline in diagnostic serologic 
assays. The percentage of persons with antibody titers 
of >1:3,200 in an indirect immunofluorescence assay 
was ≈85% at 4 weeks postinfection but decreased to 
≈25% within 1 year (3). In addition, antibody titers 
continued to decrease over 3 years postinfection in an  
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enzyme-linked immunosorbent assay (4). In our study, 
using an indirect immunoperoxidase-based assay, 20 
participants exhibited notably high antibody titers 
(1:1,280 to >1:40,960). Second, despite raising the di-
agnostic cutoff from 1:40 to 1:160, the preeminence of 
R. typhi seroprevalence persisted over that of Orientia 
tsutsugamushi (2), the causative agent of scrub typhus, 
which is the most frequent endemic rickettsiosis in Ja-
pan. Thus, excluding many persons with distant past 
infections did not influence the study’s conclusion 
that R. typhi seroprevalence was significantly higher 
than that of O. tsutsugamushi. Therefore, the higher R. 
typhi seroprevalence indicates not only prolonged se-
ropositivity but also recent R. typhi infections.

In conclusion, although Dr. Iwata’s commen-
tary is pivotal for a more precise interpretation of 
our results, our study indicates the occurrence of re-
cent MT cases in Japan. We aim to elucidate this po-
tential MT reemergence by conducting a case-based 
prospective study.
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etymologia revisited
Schizophyllum commune 
[skiz-of′-ǐ-ləm kom′-yoon]

Schizophyllum commune, or split-gill mushroom, is an envi-
ronmental, wood-rotting basidiomycetous fungus. Schizo-

phyllum is derived from “Schíza” meaning split because of the 
appearance of radial, centrally split, gill like folds; “commune” 
means common or shared ownership or ubiquitous. Swedish 
mycologist, Elias Magnus Fries (1794–1878), the Linnaeus of 
Mycology, assigned the scientific name in 1815. German my-
cologist Hans Kniep in 1930 discovered its sexual reproduction 
by consorting and recombining genomes with any one of nu-
merous compatible mates (currently >2,800).
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To Catch a Virus, 2nd Edition
John Booss, Marie Louise Landry, Marilyn J. August; 
ASM Press, Washington, DC, USA, 2022; ISBN-10: 
1683673735; ISBN-13: 978-1683673736; Pages: 416; 
Price: US $37.00 (E-book), US $45.95 (paperback)

The first edition of To 
Catch a Virus was pub-

lished in 2013. Why is a 
second edition needed so 
soon? Much has happened 
in virology over the past 10 
years; the most notable oc-
currence was the COVID-19 
pandemic, for which an en-
tire new chapter was added. 
The title is a nod to the 1955 
Hitchcock film To Catch 
a Thief. Rather than each 
chapter focusing on 1 virus or related family, the nar-
rative is centered around discovery and diagnostics. 
Yellow fever is used to highlight the birth of virology 
and discovery of viruses as filterable agents. Polio, ra-
bies, and influenza illustrate the use of animal models 
in research. Smallpox is used to elucidate the complex 
human immune system. 

Cellular pathology is shown for several viruses; 
reading about the move from light microscopy to 
electron microscopy is riveting. Discovery of the cy-
topathogenic effect was a turning point in virology, 
leading to diagnostic use of tissue culture assays; the 
momentous work on poliovirus is highlighted by tis-
sue culture assay development. Many viruses were 
discovered starting in the 1950s. As coined by Rob-
ert J. Huebner, the “torrent of viral isolates” was the 
“virologist’s dilemma”: which isolates are associated 
with disease?

Those and other discoveries led to advances in 
diagnostics and patient management. In particular, 
HIV/AIDS research was transformative. Nucleic 
acid extraction, amplification, and measurements 
are now routine automated laboratory processes. Se-
quencing and bioinformatics methods are also now 
embedded in clinical and public health laboratories. 

The astonishing rapidity by which SARS-CoV-2 was 
discovered and then tracked by those techniques was 
breathtaking. Within 2 weeks of the first internation-
al notice of COVID-19 in December 2019, the entire 
SARS-CoV-2 genome sequence was posted online. 
Within 10 months, clinical trials evaluating the Pfizer-
BioNTech mRNA vaccine showed 95% effectiveness. 
The story of the eventual discovery of the hepatitis 
B virus and routine detection by double diffusion in 
agar, electron microscopy, radioimmunoassay, and 
enzyme immunoassay/ELISA is fascinating to read.

Many historical figures are presented throughout 
the book. For example, the husband-and-wife team, 
Werner and Gertrude Henle, were productive scien-
tists in virology, known for their development of the 
first influenza vaccine, but who also worked with 
mumps and Epstein-Barr viruses. At the start of the 
COVID-19 pandemic, Dr. Li Wenliang sent a warning 
to colleagues regarding what he had seen clinically be-
fore the government of China had acknowledged any 
cases. He was forced to sign a confession that declared 
he had made false statements. He returned to work at 
Wuhan Central Hospital, contracted COVID-19, and 
died on February 7, 2021. He was later exonerated.

The book is well referenced; the appendix has 
a useful timeline for each chapter. As early as 1957, 
Robert J. Huebner stated, “the virologist must be just 
as much an epidemiologist and clinician when study-
ing the effect of prevalent nonfatal viruses in man as 
he is a well-grounded experimentalist or pathologist 
when studying similar effects in mice.” This book will 
appeal to virologists, microbiologists, clinicians, epi-
demiologists, other public health practitioners, and 
anyone who has an interest in the history of science 
or medicine. The book provides the history of virol-
ogy, a dramatic story worth reading.
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In early 2020, concerns about the spread of SARS-
CoV-2 halted all but essential travel, causing bus-

tling seaports, airports, and railroad stations around 
the world to go quiet. The same scenario played 
out at the Philadelphia 30th Street Station, recently 
renamed the William H. Gray III 30th Street Sta-
tion. That busy train station is the home of Spirit of 
Transportation, an exquisitely detailed 30-foot relief 
sculpture that has been displayed there since 1933. 
Completed in 1895 by Karl Bitter, the 3-dimensional 
work celebrates a triumphant march into moder-
nity, depicted as a procession accompanying a car-
riage pulled by gallant horses. Leading the way are 

youths carrying representations of various modes 
of travel: train, ship, and—carried by the youngest 
child—a model of a futuristic airship. The Spirit her-
self, in the middle, is riding on an elaborate carriage 
trailed by a wagon pulled by uncooperative oxen. 
As Bitter’s sculpture shows, transportation enables 
movement of people and cargo, including animals, 
via various vessels by land, sea, or air. Such connec-
tivity, however, facilitates (usually unintentionally) 
the spread of disease-causing microbes, including 
emerging pathogens.

Bitter was born in 1867 in Vienna, Austria, where 
he studied at various institutions, including the 
Academy of Painting and Sculpture. He worked as 
an assistant to the sculptor Joseph Kaffsack, and that 
experience triggered his interest in architectural dec-
orative art. In 1889, Bitter immigrated to New York, 
New York, where he was recruited by Richard Morris 
Hunt, a leading Beaux-Arts architect. They worked 
on various projects, such as the Administration 
Building exhibits for the 1893 World’s Fair in Chicago 
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Karl Bitter (1867−1915), Spirit of Transportation (1895) relief sculpture. William H. Gray III 30th Street Station (moved from Broad 
Street Station), Philadelphia, Pennsylvania, United States. Craig Jack Photographic/Almay Stock Photo.
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(World’s Columbian Exposition). Other collabora-
tions included decorations for the Biltmore House on 
the Biltmore Estate near Asheville, North Carolina—a 
life-size bronze fountain sculpture of a boy with geese 
is a prominent example.

In later years, Bitter’s work shifted away from 
naturalism to a modernist tone inspired by Greek 
and Viennese elements. Notable examples are the 
4 allegorical muses on the façade of New York’s 
Metropolitan Museum of Art along 5th Avenue—
the figures were carved from Indiana limestone to 
represent Sculpture, Painting, Architecture, and 
Music.  Bitter served as the sculpture director for 
the 1901 Pan-American Exposition in Buffalo, New 
York, and the 1915 Panama-Pacific Exposition in 
San Francisco, California. His awards included the 
silver medal at the 1900 Paris Exposition and the 
gold medal at the 1904 Saint Louis Exposition. He 
was also a member of prestigious professional so-
cieties, including the American Academy of Arts  
and Letters. 

In his book describing the 1901 Exposition, Pro-
fessor Kerry S. Grant, former dean of the College 
of Arts and Sciences at the State University of New 
York at Buffalo, offers this perspective: “[Bitter] fer-
vently believed that the decorative arts should do 
more than merely please the senses. They should 
also convey the purpose of the Exposition.” Abun-
dance, a model for the Pulitzer Fountain in front of 
the Plaza Hotel, at 5th Avenue and 59th Streets in 
New York, was Bitter’s last sculpture. Bitter died on 
April 11, 1915, shortly after he was struck by a car as 
he left the Metropolitan Opera House. He was eulo-
gized by the National Academy of Design as an ad-
opted member honored for “representing American 
ideals in sculpture.”

Spirit of Transportation embodies the human quest 
to overcome geographic barriers, culminating with 
the arrival of air travel. Envisaged in the hands of the 
youngest boy leading the Spirit, that advancement 
now enables an individual to move from one loca-
tion on the globe to another with astonishing speed. 
Before the still lingering coronavirus pandemic  
COVID-19, the International Civil Aviation Organi-
zation estimated that 100,000 commercial flights took 
off and landed daily worldwide, carrying more than 
12 million passengers.

Although rapid transportation has expedited 
travel around the world, it has also expedited move-
ment of pathogens. Global connectivity through air 
and other modes of transportation enables the rapid 
spread of emerging infectious diseases. For instance, 
airline travel introduced both SARS-CoV and SARS-

CoV-2 to various regions of the world, and the recent 
emergence of Zika virus and its subsequent spread to 
other regions was fueled by international travel. The 
movement of humans or animals can lead to trans-
mission of other vectorborne pathogens reported in 
this month’s issue. For example, the World Health 
Organization Collaborative Center for Rickettsial 
Diseases at Marseille, France, documented 32 cases of 
murine typhus among travelers returning to France 
from different regions during 2008–2010. S.L. Hills 
and colleagues reported 6 cases of travel-associated 
tick-borne encephalitis in the United States during 
2010–2020. In addition, transportation of domesti-
cated animals—for example, moving horses infected 
with the West Nile Virus—can enable emergence or 
reemergence of vectorborne pathogens. What is more, 
transportation of companion animals can equally en-
able the spread of zoonotic pathogens, as in the re-
cent bearded dragon–associated Salmonella Vitkin 
outbreak reported by the Centers for Disease Control 
and Prevention.

International travel may also accelerate the 
spread of antimicrobial resistance in foodborne 
pathogens and drug-resistant sexually transmitted 
pathogens. Moreover, unvaccinated travelers have 
been associated with the reintroduction of mea-
sles in countries where the disease had previously  
been eliminated.

Sea transportation is associated with the spread 
of diseases within and across countries. In 1991, af-
ter Latin America had been cholera free for a cen-
tury, a ship from a cholera-endemic area introduced 
the disease into Peru, igniting a massive epidemic 
(1991−1994) that resulted in more than 1 million in-
fections and 9,600 deaths in the Western Hemisphere.

Although modern transportation has, in a sense, 
dissolved geographic barriers and ushered in global-
ization, it has inadvertently multiplied opportunities 
for the spread of pathogens. Measures such as vac-
cination to prevent typhoid, prophylaxis for malaria, 
screening of travelers, and isolation of sick passen-
gers can help reduce travel-associated diseases. The 
Centers for Disease Control and Prevention’s CDC 
Yellow Book: Health Information for International Travel 
offers practical evidence-based guidelines for making 
travel safer. In addition, the International Society for 
Travel Medicine provides a convenient online clinic 
directory for pretravel and posttravel consultation.  
Embracing the Spirit of Transportation in a connected 
world means welcoming innovations in transporta-
tion—as Bitter’s sculpture illustrates—while simul-
taneously mitigating, to the extent possible, travel-
associated infections.
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Article Title
Multicenter Retrospective Study of Invasive  
Fusariosis in Intensive Care Units, France

CME Questions
1.  Which of the following statements regarding the 
bseline data of the current cohort in the study by 
Demonchy and colleagues is most accurate?
A.	 The median age of patients was 83 years
B.	 80% of patients were immunocompromised
C.	 4% of patients had active hematologic 

malignancy
D.	 12% of patients had recent hematopoietic stem 

cell transplantation

2.  Which of the following complications was most 
common among patients with IF in the current study?
A.	 Severe acute kidney injury
B.	 Need for renal replacement therapy
C.	 Severe anemia with hemoglobin 7 g/dL
D.	 Respiratory failure requiring mechanical 

ventilation

3. Which of the following methods was one of the  
least common for mycological diagnosis in the  
current study?
A.	 Sinus aspirate culture
B.	 Blood culture
C.	 Skin biopsy
D.	 Sputum culture

4.  What was the most common risk factor for mortality 
associated with IF in the current study?
A.	 Higher Sequential Organ Failure Assessment 

(SOFA) score
B.	 Age > 70 years
C.	 Failure to apply antifungal prophylaxis
D.	 Need for oxygen therapy
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Article Title
Prevalence of SARS-CoV-2 Infection among  

Children and Adults in 15 US Communities, 2021

CME Questions
1. What was the overall rate of seropositivity against 
SARS-CoV-2 in the current community-based study?
A.	 3.1%
B.	 12.4%
C.	 35.2%
D.	 51.9%

2. Which of the following trends in seropositivity 
against SARS-CoV-2 in the current study was  
most significant?
A.	 Higher rates in Black vs White individuals
B.	 Higher rates among younger vs older adults
C.	 Higher rates among women vs men
D.	 Higher rates among individuals with low income 

vs middle/high income

3.Which of the following statements regarding positive 
polymerase chain reaction (PCR) tests for SARS-CoV-2 
in the current study is most accurate?
A.	 The prevalence of positive PCR tests was 4.9%
B.	 The prevalence of positive PCR tests was 11.4%
C.	 Only half of individuals with a positive PCR test 

reported symptoms in the past 14 days
D.	 98% of individuals with a negative PCR test were 

asymptomatic in the past 14 days.

4. Which of the following statements regarding beliefs 
around COVID-19 vaccination in the current study is 
most accurate?
A.	 Only half of the participants were willing to 

receive a COVID-19 vaccine
B.	 Age was not significantly associated with vaccine 

acceptance
C.	 Men were less likely than women to accept a 

vaccine
D.	 Black individuals were significantly less likely 

than White and Other racial groups to accept  
a vaccine
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