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SYNOPSIS

Tickborne diseases are an increasing public health 
problem, accounting for ≈75% of reported vector-

borne illnesses in the United States (1–3). Continued 
discovery of new tickborne pathogens in recent years 
suggests they remain an underrecognized cause of 
human illness (4–6). Borrelia miyamotoi is a gram-neg-
ative spirochete transmitted by Ixodes spp. ticks (7–9) 
that was initially identified in ticks in Japan during 
1995 (7). It was recognized as a cause of human illness 
in Russia during 2011 (10) and in the United States 
during 2013 (11). Human infection has since been de-
tected throughout the Holarctic region (10,12–17).

Phylogenetically, B. miyamotoi is a relapsing fever 
group Borrelia (18). Diseases caused by this diverse 
group of spirochetes are differentiated by their vec-
tor, such as louseborne relapsing fever, transmitted by 
body lice, and tickborne relapsing fever or soft tick re-
lapsing fever, transmitted by soft-bodied (argasid) ticks 
in several areas, including the western United States 
(19). B. miyamotoi is an agent of hard tick relapsing fe-
ver (HTRF), although resulting illness has also been re-
ferred to as B. miyamotoi disease. In the United States, 
B. miyamotoi is transmitted by I. scapularis ticks in the 
Northeast and Midwest (20,21) and by I. pacificus ticks 
on the Pacific Coast (22). Those tick species also transmit 

the causative agents of Lyme disease (23), anaplasmosis 
(24), babesiosis (25), Powassan virus disease (26), and a 
form of ehrlichiosis (27). Data from tick testing indicate 
that the geographic range of B. miyamotoi is similar to 
that of those pathogens (28,29).

The incidence of HTRF caused by B. miyamotoi 
and its public health role are largely unknown. In 
the United States, prevalence of B. miyamotoi in Ixo-
des spp. ticks is relatively low, but consistent across 
geographic regions at ≈2% (3,29). A seroprevalence 
evaluation conducted in several states in the north-
eastern United States in 2018 suggested that 2.8% of 
persons might have evidence of previous infection, 
compared with 11% of persons who had evidence 
of previous Lyme disease (30). Data from previous 
case series suggest that HTRF caused by B. miyamotoi 
most often manifests as a nonspecific febrile illness. 
Among identified cases, fever, myalgia, arthralgia, 
and headache are common, but recurring fevers simi-
lar to those documented in patients who have soft tick 
relapsing fever are relatively uncommon (4%–11% 
of total) (10,17). Immunocompromised persons who 
have HTRF might have more severe symptoms, in-
cluding meningoencephalitis (11,16,31).

Specific laboratory diagnosis of B. miyamotoi infec-
tion is achieved through PCR detection of B. miyamotoi 
DNA (10,17,32). Serologic reactivity to surface proteins, 
especially glycerophosphodiester phosphodiesterase 
(GlpQ), is also used, but reactivity is not specific to B. 
miyamotoi infection or HTRF (33,34). GlpQ is found 
in all relapsing fever group borreliae but not in the B. 
burgdorferi sensu lato species that cause Lyme disease 
(34). However, GlpQ cannot distinguish between B. 
miyamotoi infection and infections caused by other re-
lapsing fever group Borrelia spp., including agents of 
soft tick relapsing fever. In addition, related GlpQ pro-
teins are found in common bacterial pathogens, such 
as Haemophilus influenzae and Escherichia coli, further 
reducing specificity of those serologic assays (34).

After initial cases of HTRF were identified in  
the United States, several states that had a high inci-
dence of Lyme disease and other Ixodes-transmitted 
illnesses initiated public health surveillance to clarify 
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Borrelia miyamotoi, transmitted by Ixodes spp. ticks, 
was recognized as an agent of hard tick relapsing fever 
in the United States in 2013. Nine state health depart-
ments in the Northeast and Midwest have conducted 
public health surveillance for this emerging condition 
by using a shared, working surveillance case definition. 
During 2013–2019, a total of 300 cases were identi-
fied through surveillance; 166 (55%) were classified as 
confirmed and 134 (45%) as possible. Median age of 
case-patients was 52 years (range 1–86 years); 52% 
were male. Most cases (70%) occurred during June–
September, with a peak in August. Fever and headache 
were common symptoms; 28% of case-patients report-
ed recurring fevers, 55% had arthralgia, and 16% had 
a rash. Thirteen percent of patients were hospitalized, 
and no deaths were reported. Ongoing surveillance will 
improve understanding of the incidence and clinical se-
verity of this emerging disease.
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the epidemiology of this novel tickborne condition. 
We summarize available information on HTRF as as-
certained through public health surveillance efforts in 
the United States beginning in 2013.

Methods

Case Definition
The Centers for Disease Control and Prevention 
(CDC) and state health departments in areas that had 
a high incidence of Lyme disease jointly created an 
informal working surveillance case definition to iden-
tify and classify potential cases of HTRF caused by B. 
miyamotoi in a standardized manner. Clinical mani-
festations considered compatible with HTRF were 
broadly defined as acute onset of fever or chills with 
>1 of the following additional signs or symptoms: 
headache, sweats/chills, myalgia, arthralgia, mal-
aise/fatigue, rash, abdominal cramps, nausea, vom-
iting, diarrhea, dizziness, confusion/altered mental 
status, photophobia, leukopenia, thrombocytopenia, 
or increased aminotransferase levels.

For purposes of surveillance data as summarized, 
we defined a confirmed case of HTRF caused by B. 
miyamotoi as compatible clinical manifestations with 
>1 of the following: isolation of B. miyamotoi from a 
clinical specimen; detection of B. miyamotoi DNA in a 
clinical specimen by using nucleic acid amplification 
techniques (NAAT) such as PCR; or evidence of se-
roconversion between acute phase and convalescent 
phase serum samples, including but not limited to 
a >4-fold change in serum antibody titer to B. miya-
motoi between paired specimens. We defined a pos-
sible case as compatible clinical manifestations with 
>1 of the following:  direct observation of spirochetes 
consistent with B. miyamotoi on a peripheral blood 
smear or  detectable IgM or IgG to B. miyamotoi from a  
serum specimen.

We characterized cases as possible rather than 
probable to reflect the uncertainty of the spectrum of 
clinical manifestations of HTRF and the specificity of 
a single positive serologic titer. We excluded positive 
laboratory test results for which no clinical informa-
tion was obtained or for which there was no associat-
ed clinical illness. Data on specific test manufacturers 
or antigenic targets used in serologic assays were not 
available to ascertain level of specificity for B. miyamo-
toi versus other relapsing fever Borrelia spp.

Public Health Investigation
Commercial or clinical laboratories reported posi-
tive laboratory results for B. miyamotoi in accordance 
with local regulations in states in which B. miyamotoi 

infection/HTRF was a reportable condition. Public 
health personnel conducted case investigations ac-
cording to local practices to ascertain demographic, 
clinical, and exposure information to the extent pos-
sible through patient or provider interviews or med-
ical chart reviews.

Analytic Methods
We classified symptoms as present or absent. We 
categorized age as <18 years, 18–64 years, and >65 
years. We compared categorical and binary vari-
ables by using χ2 or Fisher exact tests and continu-
ous variables by using the Wilcoxon rank-sum test. 
We performed all statistical analyses by using SAS 
software (SAS Institute). This study was deemed to 
be a nonresearch activity by CDC under provision of 
public health surveillance.

Results
A total of 300 HTRF cases caused by B. miyamotoi 
were identified during 2013–2019 by the 9 state health 
departments in the Northeast and upper Midwest 
United States that conducted public health surveil-
lance for this condition (Connecticut, Maine, Massa-
chusetts, Minnesota, New Hampshire, New Jersey, 
Rhode Island, Vermont, and Wisconsin). The number 
of states in which HTRF was reportable increased 
from 1 in 2013 to 9 by 2019 (Figure 1). The number 
of cases identified annually concomitantly increased; 
more cases were identified during 2017–2019 (median 
82, range 78–83 cases/y) than during 2013–2015 (me-
dian 9, range 8–10 cases/y) (Figure 2).

Of the 300 identified cases, 166 (55%) were classi-
fied as confirmed and 134 (45%) as possible. Of the 300 
cases, 157 (52%) were in male and 143 (48%) among 
female patients; median age was 52 (range 1–86) 
years. Almost all cases were among non-Hispanic 
White persons (107/110, 97%). Median age of persons 
who had confirmed illness was older than persons 
who had possible illness (median age 56 [range 4–86] 
years vs. median 50 [1–86] years; p = 0.03) (Table 1). A 
higher proportion of confirmed versus possible cases 
occurred among persons <18 years of age (9% vs. 4%) 
and among persons >65 years of age (34% vs. 21%; p 
= 0.004) (Figure 3). Among confirmed cases, 56% of 
patients were male and 44% female; among possible 
cases, 49% of patients were male and 51% female (p 
= 0.23). Most case-patients had symptom onset dur-
ing June–September, with a peak in August (Figure 
4). Compared with confirmed HTRF illness, possible 
illness had a less pronounced seasonal pattern.

The median duration of time from symptom on-
set to seeking medical attention was 5 (range 0–311) 
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days for the 69 persons for whom this information 
was available (Table 2). Persons who had possible ill-
ness had a longer duration from symptom onset to 
medical attention (median 9, interquartile range [IQR] 

3–29 days) than persons who had confirmed cases 
(median 3, IQR 2–7 days; p = 0.03). Overall, the most 
common symptoms were fever (89%), fatigue (75%), 
headache (72%), and chills (68%). Among 64 patients 
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Figure 1. US states that conducted surveillance for hard tick relapsing fever caused by Borrelia miyamotoi during 2013–2019 and year 
in which surveillance began.

Figure 2. Number of annual 
cases of hard tick relapsing fever 
(vertical bars) and number of 
states reporting cases of hard 
tick relapsing fever caused by 
Borrelia miyamotoi (line), United 
States, 2013–2019. The left y-axis 
corresponds to the vertical bars, 
and the right y-axis corresponds 
to the line; scales for the y-axes 
differ substantially to underscore 
patterns but do not permit direct 
comparisons. States reporting 
cases in that year are shown. CT, 
Connecticut; MA, Massachusetts; 
ME, Maine; MN, Minnesota; NH, 
New Hampshire; NJ, New Jersey; 
RI, Rhode Island; VT, Vermont; 
WI, Wisconsin.
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who had fever for whom a temperature was avail-
able, the median recorded temperature was 102.5°F 
(range 99.7°F –105.7°F). A total of 28% reported recur-
ring fevers of some kind, 55% had arthralgia, and 16% 
had a rash. A description of the rash was available for 
18 patients; the rash was noted to be generalized for 3 
patients (1 confirmed and 2 possible cases) and focal 
for 15 patients (9 confirmed and 6 possible cases). An 
erythema migrans–like rash was reported for 1 pos-
sible HTRF case. Thrombocytopenia (51/105, 49%), 
increased levels of aspartate and alanine aminotrans-
ferases (40/96, 42%), and leukopenia (39/105, 37%) 
were common laboratory abnormalities.

When compared with persons who had possible 
illness, a higher proportion who had confirmed ill-
ness also had fever (95% vs. 81%; p<0.0001), leuko-
penia (46% vs. 22%; p = 0.02), and thrombocytopenia 
(58% vs. 25%; p = 0.001), and a higher proportion of 
possible cases had recurring fever (35% vs. 22%; p = 
0.01), arthralgia (63% vs. 48%; p = 0.02), and cogni-
tive impairment or mood disturbance (16% vs. 4%; p 
= 0.0004). Approximately one eighth (39/300, 13%) of 
persons who had HTRF were hospitalized; the per-
centage hospitalized was similar among persons who 
had confirmed (20/166, 12%) and possible (19/134, 
12%) illness (p = 0.78). There were no deaths.

All laboratory tests performed were either by 
using PCR or serologic analysis for B. miyamotoi in-
fection. PCR was performed for 167 (56%) patients, 
and serologic analysis was performed for 137 (46%) 
patients (Table 3). Serologic analysis for paired se-
rum samples was specifically performed for 19 (14%) 
persons. Among persons who had confirmed illness, 
162/164 (99%) had a positive PCR result. Five (3%) of 

those persons also had a single positive IgM or IgG 
serologic test result, of whom 2 had a positive IgM 
result and none had a positive IgG or IgM/IgG com-
bined test result. Among persons who had possible 
illness, 5/134 (4%) also had PCR performed; all re-
sults were negative. No microscopy or culture results 
were reported for any case.

Among persons for whom exposure information 
were available, most (63/69, 91%) reported exposure 
to ticks or tick habitat; more than half reported a tick 
bite (46/82, 56%). Travel within (16/70, 23%) or out-
side (21/79, 27%) the state of residence was infre-
quently reported. Compared with persons who had 
possible cases, a higher proportion of persons who 
had confirmed illness reported exposure to ticks or 
tick habitat (48/51 [94%] vs. 15/18 [83%]; p = 0.16) or 
having a known tick bite (37/60, 62% vs. 9/22, 41%, 
p = 0.09). A total of 15 persons (15/72, 21%) reported 
receipt of a blood transfusion or organ transplant 
within the previous 30 days; those occurred among 
9 confirmed and 6 possible cases. Among 7 persons 
who received a blood transfusion and for whom tick 
exposure information was available, all reported a re-
cent tick bite.

Information on antimicrobial drug treatment 
was available for 124 (41%) patients. Among those 
patients, 110 (89%) were given a single antimicrobial 
drug; 101 (92%) received doxycycline, 5 (5%) amoxi-
cillin, 1 (1%) minocycline, 1 (1%) with cefuroxime, 1 
(1%) azithromycin, and 1 (1%) trimethoprim/sulfa-
methoxazole. Among the 14 patients who received 
a combination regimen, 13 (93%) were given a regi-
men of doxycycline and another antimicrobial drug; 1  
patient received amoxicillin and cefuroxime.
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Table 1. Demographic characteristics for confirmed and possible cases of hard tick relapsing fever caused by Borrelia miyamotoi 
identified by public health surveillance, United States, 2013–2019* 
Characteristic Confirmed, n = 166 Possible, n = 134 p value 
Median age, y (range)† 56 (4–86) 50 (1–86) 0.03‡ 
Categorical age    
 <18 15/166 (9) 5/134 (4)  
 18–65 95/166 (57) 101/134 (75) 0.004 
 >65 56/166 (34) 28/134 (21)  
Sex    
 M 92/166 (56) 65/134 (49) 0.23 
 F 74/166 (44) 69/134 (51)  
Year of illness onset§    
 2013 8/165 (5) 0/132 (0)  
 2014 9/165 (5) 1/132 (1)  
 2015 1/165 (1) 8/132 (6)  
 2016 16/165 (10) 10/132 (8) <0.0001¶ 
 2017 56/165 (34) 22/132 (17)  
 2018 38/165 (23) 44/132 (34)  
 2019 37/165 (22) 46/132 (35)  
*Values are no. positive/no. tested (%) unless indicated otherwise. 
†Missing information for 25 persons. 
‡By Wilcoxon rank-sum test. 
§Missing information for 4 persons. 
¶By Fisher exact test. 
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Discussion
A total of 300 cases of HTRF caused by B. miyamotoi 
in the United States were identified by using public 
health surveillance. Case-patients were most com-
monly male and older adults. Case investigations 
showed that nonspecific symptoms, including fever 
and headache, were common, and rash was relative-
ly uncommon. Those clinical features are similar to 
those of previous large case series of HTRF (10,17), 
although the overall proportion of cases with recur-
ring fevers in this report was higher, and recurring 
fevers were more common among possible cases than 
among confirmed cases. The percentage of cases as-
sociated with hospitalization in this report was lower 
than reported among a large case series in the north-
eastern United States (17), and there were no reported 

deaths. However, the data in this summary might in-
clude cases reflected in previous case series if those 
previously reported cases were captured through 
public health surveillance.

We observed a summertime seasonal pattern for 
confirmed cases, similar to findings for other infec-
tions transmitted by Ixodes spp. ticks in the United 
States (23,35,36). The frequency of HTRF peaked later 
in the summer than that for Lyme disease (3,23,37). 
This shifted seasonality supports a role for larval 
blacklegged ticks in B. miyamotoi transmission to 
humans in the United States because those ticks are 
more likely to be questing for blood meals during 
mid-to-late summer than during other tick life stages 
(38), and there is documented transovarial transmis-
sion of B. miyamotoi (39).
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Figure 3. Patient age distribution 
for confirmed (A) and possible 
(B) cases of hard tick relapsing 
fever caused by Borrelia 
miyamotoi identified by using 
public health surveillance, United 
States, 2013–2019.
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Several features differed between confirmed and 
possible cases. Confirmed cases occurred more com-
monly among older persons and among male persons 
than did possible cases. Confirmed cases were more fre-
quently characterized by fever, thrombocytopenia, and 
increased levels of aminotransferases. Possible cases 

were more frequently characterized by confusion, mood 
disorder, abdominal pain, shortness of breath, and re-
curring fevers. Although possible case-patients tended 
to have a longer duration of illness before seeking medi-
cal care, this difference might simply reflect the bias of 
the case definition itself, in which direct detection by 
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Figure 4. Reported cases of hard 
tick relapsing fever caused by 
Borrelia miyamotoi by month of 
symptom onset, United States, 
2013–2019. Solid line indicates 
total number of reported cases 
each month, and bars indicate 
number of confirmed (white) and 
possible (gray) cases each month.

 
Table 2. Clinical and laboratory findings for persons who have confirmed and possible hard tick relapsing fever caused by Borrelia 
miyamotoi among reported cases with available laboratory findings identified by public health surveillance, United States, 2013–2019* 
Characteristic Confirmed, n = 165 Possible, n = 133 p value 
Hospitalized 20 (12) 19 (14) 0.61 
Median duration of illness, d† (IQR) 3 (2–7) 9 (3–29) 0.03 
Required symptoms    
 Fever 157 (95) 108 (81) <0.0001 
 Chills 115 (70) 87 (65) 0.27 
Supporting signs and symptoms    
 Headache 118 (72) 96 (72) 0.85 
 Myalgia 104 (63) 94 (71) 0.20 
 Arthralgia 79 (48) 84 (63) 0.02 
 Malaise/fatigue 125 (76) 99 (74) 0.55 
 Rash 21 (13) 28 (21) 0.06 
 Abdominal pain 16 (10) 27 (20) 0.01 
 Nausea 55 (33) 36 (27) 0.26 
 Vomiting 23 (14) 15 (11) 0.44 
 Diarrhea 8 (5) 17 (13) 0.01 
 Dizziness 26 (16) 33 (25) 0.06 
 Confusion 7 (4) 24 (18) <0.0001 
 Photophobia 8 (5) 11 (8) 0.29 
 Leukopenia‡ 31 (46) 8 (22) 0.02 
 Thrombocytopenia§ 40 (58) 9 (25) 0.001 
 Increased levels of aminotransferases¶ 27 (45) 13 (36) 0.41 
Other symptoms    
 Recurring fevers 37 (22) 47 (35) 0.01 
 Shortness of breath 5 (3) 14 (11) 0.01 
 Cough 15 (9) 10 (8) 0.53 
 Anorexia 32 (19) 26 (20) 0.99 
 Jaundice 2 (1) 4 (3) 0.21 
 Lymphadenopathy 0 (0) 0 (0) NA 
 Cognitive impairment/mood disturbance 7 (4) 21 (16) 0.0004 
 Meningitis/encephalitis 0 (0) 5 (4) 0.01 
 Neutropenia 6 (4) 2 (2) 0.11 
 Abnormal chest radiograph 11 (7) 2 (2) 0.04 
*Values are no. (%) unless indicated otherwise. IQR, interquartile range; NA, not available. 
†Defined as duration from symptom onset to first seeking medical care. 
‡Information regarding a patient’s leukocyte count was available for 68 confirmed and 37 possible cases. 
§Information regarding a patient’s platelet count was available for 69 confirmed and 36 possible cases. 
¶Information regarding a patient’s alanine and aspartate aminotransferase levels was available for 60 confirmed and 36 possible cases. 
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using PCR was laboratory evidence for the confirmed 
case definition and a single positive serologic result 
was laboratory evidence for the possible case definition. 
Serologic analysis (particularly for IgG) is unlikely to 
show increased levels during acute illness (34). In addi-
tion, increased reactivity against GlpQ alone might not 
be a specific measure of past HTRF infection (33,34). In 
this study, all possible case-patients had detectable IgG, 
suggesting that they might have had illness onset >20 
days before testing, and so results might not represent 
acute B. miyamotoi infection or possibly not B. miyamotoi 
infection at all. However, longer duration of illness be-
fore seeking medical care for the possible case-patients 
might enable increased opportunity for observation of 
recurrent fevers. We observed less striking seasonal-
ity of illness onset for possible case-patients than for 
confirmed case-patients. Those findings collectively 
decrease our confidence that the possible cases summa-
rized here reflect acute HTRF illness.

The older age distribution among confirmed 
HTRF cases is similar to that of anaplasmosis and ba-
besiosis cases and differs from Lyme disease cases, 
even though all are transmitted in the United States by 
the same species of Ixodes ticks (24). Lyme disease most 
commonly affects children 5–14 years of age, as well as 
older adults (40). In contrast, anaplasmosis rarely af-
fects children, and HTRF in children was uncommon 
in public health surveillance. The older age distribu-
tion of anaplasmosis is believed to reflect host suscep-
tibility differences and immune-related factors linked 
to aging, rather than age-related differences in tick 
exposure; those potential age-based susceptibility dif-
ferences might account for the older age distribution 
associated with persons who have HTRF. However, 

diverging clinical or diagnostic approaches might be 
used for children versus adults, such as lower levels of 
testing or lower clinical awareness that bias the cases 
identified through public health surveillance toward 
adults. Because the clinical manifestations of HTRF 
and anaplasmosis might be similar (24), increased clin-
ical education should highlight the potential for ana-
plasmosis and HTRF to resemble one another.

Fifteen persons in this study reported receiving a 
blood transfusion or organ transplant in the 30 days be-
fore symptom onset. Although no cases of B. miyamotoi 
infection after blood transfusion have been document-
ed, other tickborne pathogens, including Babesia microti, 
A. phagocytophilum, and Ehrlichia chaffeensis, have caused 
infections after blood transfusion (41,42). Spirochetemia 
might be higher or more prolonged for B. miyamotoi in-
fection than for B. burgdorferi infection, suggesting that 
the risk for transmission from blood transfusion is great-
er for B. miyamotoi (17,46). Nevertheless, all 7 patients 
who had a confirmed infection and an available expo-
sure history available reported a recent tick bite, sug-
gesting that receipt of blood products or organs might 
simply reflect risk factors for more severe illness caused 
by compromised immune status, rather than a potential 
route of B. miyamotoi transmission.

The frequency of recurring febrile episodes in 
HTRF caused by B. miyamotoi is not well understood. 
The percentage of patients with confirmed illness 
who had recurring fever (22%) was higher than those 
reported in a case series from Russia (11%) (10) and 
in a case series from the United States (4%) (17). All 
relapsing fever group borreliae display antigenic 
variation, a shift in expressed proteins that creates  
recurring febrile episodes (43,44). B. miyamotoi infection  
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Table 3. Diagnostic results for confirmed and possible cases of hard tick relapsing fever caused by Borrelia miyamotoi reported by 
public health surveillance, United States, 2013–2019* 
Characteristic Confirmed, n = 166† Possible, n = 134 
PCR results   
 Detected 162/164 (99) 0/5 (0) 
 Not detected 0/164 (0) 5/5 (100) 
Serologic analysis results   
 Single IgM alone   
  Positive 2/2 (100) 36/127 (28) 
  Negative 0/2 (0) 89/127 (70) 
  Indeterminate 0/2 (0) 2/127 (2) 
 Single IgG alone   
  Positive 0/2 (0) 111/127 (87) 
  Negative 2/2 (100) 16/127 (13) 
  Indeterminate 0/2 (0) 0/127 (0) 
 Single combined IgM/IgG   
  Positive 1/2 (50) 6/7 (86) 
  Negative 0/2 (0) 1/7 (14) 
  Indeterminate 1/2 (50) 0/7 (0) 
 Paired serologic samples   
  >4-fold change in titer 1/1 (100) 0/18 (0) 
  <4-fold change in titer 0/1 (0) 18/18 (100) 
*Values are no. positive/no. tested (%). 
†Missing diagnostic information for 2 cases. 
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generates a lower level of spirochetemia than its soft 
tick–transmitted relatives, which might affect sever-
ity of illness and ability to generate recurrent fevers 
in untreated infection (17,45). Direct detection and 
treatment early in the illness course could result in 
clinical cure before antigenic variation occurs. It is dif-
ficult to compare the frequency of recurrent fevers in 
persons who have B. miyamotoi infection with persons 
who have soft tick relapsing fever because of variable 
methods of ascertainment. Also, no objective capture 
of details regarding fever recurrence frequency, inter-
vals between febrile episodes, and maximum temper-
ature of each febrile episode were captured through 
this public health surveillance practice; those details 
are best captured through detailed clinical case series.

Low clinical awareness, limited availability of 
PCR testing, and limited specificity of available se-
rologic assays make HTRF case identification chal-
lenging. Currently, diagnosis of tickborne infections 
requires clinicians to order tests specific to each 
suspected pathogen; the expanded use of multiplex 
direct detection assays, or tickborne panels, in com-
mercial laboratories might improve detection of B. 
miyamotoi and other tickborne infections. Metage-
nomics approaches are also an increasing opportuni-
ty to improve direct detection of tickborne infections, 
including co-infections (46,47). Those approaches 
are particularly appealing for improved detection 
of B. miyamotoi infection because the spirochetes ap-
pear to be present in sufficient quantities in blood 
for detection by using molecular methods (17,46,48). 
Highlighting the usefulness of PCR-based diagnos-
tic methods for B. miyamotoi infection, a study found 
that among patients with PCR-confirmed B. miyamo-
toi infection, the sensitivity of GlpQ IgG was <55% 
when assayed <20 days after illness onset, which in-
creased to 74%–86% when assayed 21–150 days after 
illness onset (33). GlpQ is a common serologic tar-
get for differentiating infection with relapsing fever 
group borreliae from those that cause Lyme disease. 
However, there is limited information on its specific-
ity for relapsing fever group borreliae, constraining 
its clinical usefulness.

Without sufficiently specific serologic assays, the 
frequency of exposure in the population and charac-
teristics of more mild illness is difficult to ascertain. 
In addition, GlpQ-based assays cannot distinguish 
between infection with hard tick and soft tick relaps-
ing fever borreliae, which can co-occur in some areas 
(i.e., along the Pacific Coast). In those circumstances, a 
comprehensive exposure history is necessary to direct 
public health intervention. However, many patients 
who have suspected tickborne infections, including 

HTRF, receive doxycycline empirically, which would 
effectively treat B. miyamotoi even if clinicians had not 
suspected this specific infection. People with mild 
symptoms who live in a Lyme disease–endemic area 
might be more likely to receive empiric therapy.

The first limitation of the surveillance data we 
describe is that cases identified through passive sur-
veillance probably represent more severe disease be-
cause all persons necessarily sought medical care for 
an illness and obtained laboratory testing. As previ-
ously mentioned, persons who have mild symptoms 
or asymptomatic infections would not be detected 
by current public health surveillance approaches. 
Thus, the severity of HTRF caused by B. miyamotoi 
is difficult to reliably measure through this mecha-
nism. Accordingly, the frequency of hospitalization 
in those data are probably an overestimate caused 
by inherent ascertainment bias. Second, the nature 
of public health surveillance activities precludes 
knowledge of the targets and performance of assays 
used by commercial laboratories. Third, B. miyamo-
toi might cause human infection in states where the 
condition is not subject to public health reporting. 
A recent case of HTRF caused by B. miyamotoi was 
identified in California; that finding, in combination 
with acarologic and seroprevalence assessments, 
suggests potential for additional cases of human ill-
ness along the Pacific Coast (28,29,49,50). Fourth, de-
tailed data on clinical features, such as rash, clinical 
course and resolution, or immunocompromised sta-
tus or other medical concurrent conditions, were not 
collected consistently as part of surveillance-based 
case investigations, limiting our ability to thorough-
ly describe the clinical course or examine the effect 
of immunocompromising conditions or other con-
current conditions on clinical severity or presenta-
tion of HTRF caused by B. miyamotoi infection. Fifth, 
data on positive laboratory findings for other tick-
borne diseases were not regularly compiled as part 
of public health surveillance; thus, these HTRF cases 
could reflect patients co-infected with other tick-
borne diseases.

Public health surveillance in the United States 
supports that HTRF manifests as a nonspecific fe-
brile illness during the summer months. B. miyamo-
toi is among the group of pathogens transmitted to 
humans by Ixodes spp. ticks, and the clinical mani-
festations might be similar to that of other tickborne 
diseases in the same geographic areas. The frequen-
cy of asymptomatic or mild illness caused by HTRF 
that resolves without treatment is not known, nor is 
the potential for longer-term complications of un-
treated infection.
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At present, B. miyamotoi is the only recognized 
cause of HTRF; if additional pathogens are identified, 
public health surveillance approaches will necessar-
ily adapt, including through expansion of molecular 
testing to detect those pathogens. Infections identi-
fied through public health surveillance can enable 
expanded understanding of the clinical spectrum of 
emerging infectious diseases than what is possible 
through limited case series or reports, but surveillance 
depends on clinical suspicion, laboratory diagnostic 
test access, and state-based public health regulations 
that enable mandatory reporting of positive labora-
tory results to the public health system. Ongoing, co-
ordinated public health surveillance for HTRF caused 
by B. miyamotoi will better define its clinical spectrum, 
severity, incidence, and geographic distribution, and 
inform associated clinical and public outreach efforts 
to improve recognition. However, improved access 
to direct detection of B. miyamotoi through unbiased 
and widely available PCR-based assays, as well as 
clinically validated serologic markers, are needed to 
clarify the frequency and severity of the illness.
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Human foodborne botulism is a neuroparalytic dis-
ease that results from ingestion of foods contain-

ing botulinum neurotoxin (BoNT) serotypes A, B, E, 
or F, produced by Clostridium botulinum groups I and 
II or, rarely, neurotoxigenic strains of C. baratii type F 
or C. butyricum type E (1). BoNTs prevent muscle con-
traction through cleavage of the proteins responsible 
for fusion of acetylcholine-containing synaptic vesi-
cles in nerve terminals at neuromuscular junctions (2). 

Clinical symptoms of botulism include symmetric 
cranial nerve palsies of the eyes, mouth, and throat. 
Paralysis can descend to the diaphragm, causing re-
spiratory arrest that can necessitate use of mechanical 
ventilation (1). In some instances, patients can take 
months or years to recover from prolonged disability 
caused by skeletal muscle paralysis (3). Treatment op-
tions are limited to use of botulinum antitoxin (BAT) 
that binds to and neutralizes circulating BoNTs (4). 
BAT is especially effective when administered early 
(5), and its use should be based on clinical diagnosis, 
rather than waiting for results from diagnostic tests.

Manifestations of botulism are classified according 
to the route of exposure to BoNTs. Wound botulism 
occurs when C. botulinum colonizes an infected wound, 
and intestinal toxemia botulism occurs in the adult 
intestinal tract when BoNTs are released in situ (6,7). 
Infant botulism is a form of intestinal toxemia botu-
lism that occurs in children <1 year of age (8). Food-
borne botulism is an acute intoxication resulting from 
ingestion of BoNTs preformed in foods supporting C. 
botulinum growth. C. botulinum endospores are widely 
distributed in soils throughout the world and survive 
heating processes that inactivate vegetative bacterial 

cells (9). Foods contaminated with viable C. botulinum 
spores can germinate, grow, and produce BoNTs when 
they are stored under permissive growth conditions, 
including low oxygen, low acidity (pH >4.6), sufficient 
temperature (>10°C), and water activity (aw >0.93) (10).

Investigations of foodborne botulism provide 
valuable information regarding food sources and 
storage conditions that permit C. botulinum growth 
and BoNT production. Previous reports of foodborne 
botulism in Canada are available, including the peri-
ods of 1919–1973 (11), 1971–1984 (12), and 1985–2005 
(13). Here, we present a summary of foodborne bot-
ulism in Canada during 2006–2021, including inci-
dence over the course of time, geographic distribution 
by province and territory, BoNT serotype, and food 
source when available. In addition, we used hospital 
records that match cases from laboratory-confirmed 
outbreaks to determine clinical disease outcomes.

Methods

Microbiology Laboratory and National Surveillance Data
We examined 2 independent laboratory databases for 
laboratory-confirmed outbreaks of foodborne botu-
lism during 2006–2021, one maintained by the Botu-
lism Reference Service (BRS) for Canada at Health 
Canada, Ottawa, Ontario, and the other from British 
Columbia Centre for Disease Control (BCCDC) Pub-
lic Health Laboratory (PHL), in Vancouver, British 
Columbia. BRS receives and tests clinical and food 
specimens associated with suspected botulism cases 
from all provinces and territories, when requested. 
The BCCDC PHL provides clinical and foodborne 
botulism testing services for British Columbia but 
also tests specimens from the Yukon. Thus, the 2 data-
bases do not overlap and, when combined, represent 
all the laboratoryconfirmed outbreaks of botulism in 
Canada. We extracted information regarding patient 
age and sex, outbreak date and location, implicated 
food source, and BoNT serotype from those data-
bases. We also extracted case information from the 
2006–2019 Canadian Notifiable Disease Surveillance 
System (CNDSS) and compared those cases to labo-
ratory data for completeness (14). CNDSS maintains 
basic surveillance on nationally notifiable diseases by 
collecting voluntarily submitted data from provinces 
and territories. We calculated the rates of disease per 
100,000 population by using population data from 
Statistics Canada (15).

National Case Definition for Foodborne Botulism
We used the national case definition for confirmed 
cases of foodborne botulism in Canada to ensure  

During 2006–2021, Canada had 55 laboratory-confirmed 
outbreaks of foodborne botulism, involving 67 cases. 
The mean annual incidence was 0.01 case/100,000 
population. Foodborne botulism in Indigenous com-
munities accounted for 46% of all cases, which is down 
from 85% of all cases during 1990–2005. Among all 
cases, 52% were caused by botulinum neurotoxin type 
E, but types A (24%), B (16%), F (3%), and AB (1%) 
also occurred; 3% were caused by undetermined sero-
types. Four outbreaks resulted from commercial prod-
ucts, including a 2006 international outbreak caused by 
carrot juice. Hospital data indicated that 78% of patients 
were transferred to special care units and 70% required 
mechanical ventilation; 7 deaths were reported. Botuli-
num neurotoxin type A was associated with much lon-
ger hospital stays and more time spent in special care 
than types B or E. Foodborne botulism often is misdi-
agnosed. Increased clinician awareness can improve 
diagnosis, which can aid epidemiologic investigations 
and patient treatment.
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consistency in data recording. That definition is as 
follows: laboratory confirmation of intoxication with 
clinical evidence, such as detection of botulinum neu-
rotoxin in serum, stool, gastric aspirate, or food; or 
isolation of C. botulinum from stool or gastric aspirate; 
or clinical evidence and indication that the client ate 
the same suspect food as a person with laboratory-
confirmed botulism (16). Because of the urgency of 
the disease, 1 case of botulism constitutes an outbreak.

Laboratory Confirmation of Clinical Cases
Detection of BoNT and isolation of viable C. botulinum 
from food and clinical specimens were performed ac-
cording to Health Canada standard methods by using 
a mouse bioassay to detect BoNT in foods and clini-
cal specimens (17). BoNT serotype was determined 
by neutralization of toxicity with serotype-specific 
antibodies provided by the US Centers for Disease 
Control and Prevention. If isolates were not obtained 
from clinical or food specimens, cases caused by C. 
baratii (type F) or C. butyricum (type E) might not have 
been detected.

Clinical Outcome Data
We retrieved records on patient clinical information 
by querying the Canadian Institute for Health Infor-
mation (CIHI) 2005–2021 Discharge Abstract Database  

(https://www.cihi.ca/en/discharge-abstract-data-
base-metadata-dad) and the 2005–2010 Hospital Mor-
bidity Database (HMDB), which is specific to Quebec 
(18). Data were also collected as part of epidemiologic 
investigations conducted in Quebec by the Nunavik 
Regional Board of Health and Social Services (NRB-
HSS), including records from 2010–2021 that were 
validated with patient files from the relevant hos-
pitals and were not available in HMDB. We then 
matched those data to BRS records by age, sex, date 
of admission, and province of residence. We defined 
a special care unit in accordance with HMDB as an in-
patient unit that is specifically designed, staffed and 
equipped for the observation and treatment of pa-
tients who cannot be cared for in a general acute care 
unit; these include intensive care units and step-down 
units (18). Formal ethics approval was not required 
because this study used deidentified healthcare data 
that were obtained under an agreement with CIHI.

Results

Incidence of Foodborne Botulism in Canada
During 2006–2021, a total of 55 laboratory-confirmed 
outbreaks of foodborne botulism occurred in Cana-
da, comprising 67 cases (Figure 1). During the re-
porting period, we determined the average annual  
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Figure 1. Number of foodborne 
botulism cases, Canada, 1960–
2021. A) Number of cases during 
1960–2021; B) detail of number of 
cases during 2006–2021. Inset pie 
graphs represent the percentage 
of cases among non-Indigenous 
and Indigenous persons.
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incidence of foodborne botulism in Canada was 0.01 
case/100,000 population. The CNDSS reported 60 
cases of foodborne botulism during 2006–2019, which 
compares to 55 laboratory-confirmed cases of food-
borne botulism from the same reporting period. That 
discrepancy was not unexpected because the refer-
ence laboratories only record laboratory-confirmed 
cases, but public health authorities include uncon-
firmed cases or cases that might have been epidemio-
logically linked but not laboratory tested.

Geographic Distribution and BoNT Serotype Breakdown
During the reporting period, 31 foodborne botulism 
cases occurred in Quebec, 15 in Ontario, 6 in Alberta, 
5 in Nunavut, 3 in British Columbia, 3 in Northwest 
Territories, 2 in Manitoba, 1 in Saskatchewan, and 
1 in Newfoundland and Labrador (Table 1). Type E 
was implicated in the most cases (52%, n = 35) across 
Canada during the reporting period (Table 1). Other 
serotypes of foodborne botulism across Canada in-
cluded 16 cases of type A, 11 cases of type B, and 2 
cases of type F. Two cases involved clinical samples 
that were neutralized by multivalent antiserum but 
were not typed due to insufficient sample. One case 
was typed as AB because the toxin in the food sample 
was neutralized by a combination of type A and type 
B antisera. Indigenous communities represented the 
most (86%, n = 30) type E cases. Type E was impli-
cated in 21 (68%) cases in Quebec and all (100%) cases 
in each of Nunavut, the Northwest Territories, and 
Newfoundland and Labrador.

Foods Associated with Outbreaks
Apart from a single outbreak from salmon eggs in Brit-
ish Columbia in 2013, all the outbreaks in Indigenous 
communities were caused by products from marine 
mammals, including seal, whale, and walrus, that 
were incubated in conditions favorable to C. botulinum 
growth and consumed without cooking. Commercial 
retail foods were responsible for 4 outbreaks, including 
an international outbreak of contaminated carrot juice 

in 2006 that affected 2 persons in Canada (3) and an 
outbreak in Canada caused by salted fish in 2012 that 
affected 3 persons (19). The 2 other outbreaks attrib-
uted to retail foods were caused by ground beef that 
affected 2 persons in 2009 and Alfredo sauce that af-
fected 1 person in 2021 (20). In those cases, the cooked 
ground beef was left at room temperature on the stove 
top, and the Alfredo sauce was recalled because of stor-
age at room temperature by the retailer, despite a label 
indicating the product should be kept refrigerated (20). 
Of note, no outbreaks from restaurant dining occurred 
through the reporting period. Home-prepared foods 
were responsible for only 2 outbreaks, 1 from spaghetti 
sauce that affected 2 persons in 2006 and 1 from water-
melon jelly that affected 1 person in 2011.

Clinical Outcomes
To examine the health outcomes of foodborne botu-
lism, we cross-referenced cases to 52 (78% matching) 
hospital records obtained from CIHI and NRBHSS. In 
2 instances from the NRBHSS data, the only hospital 
records available were that the patient died, and in 1 
instance the time spent in special care was unknown. 
The average age of patients was 57.0 years (SD 16.1 
years); 27 (52%) were female and 25 (48%) were male. 
Most case-patients had severe illness: 38 (78%) pa-
tients were transferred to special care units, and 35 
(70%) required mechanical ventilation. The average 
length of hospital stay was 48.3 days (SD 84.3 days). 
The average length of time spent in special care was 
36.3 days (SD 72.7 days). Most (52%, n = 27) case-pa-
tients were discharged to home without continuing 
support, but 4 (8%) were discharged to home with 
support from healthcare workers, 4 (8%) were trans-
ferred to continuing care, 9 (17%) were transferred to 
acute care, and 1 (2%) was transferred to other (pallia-
tive) care. In 7 (14%) cases, the patient died.

Clinical Outcomes by BoNT Serotype
To examine the relationship between BoNT serotype 
and clinical severity of disease, we performed 1-way 

 
Table 1. Foodborne botulism cases by province or territory and BoNT serotype, Canada, 2006–2021 

Province/territory 
Serotype, no. cases 

Total A B E F AB Unknown 
Quebec 5 2 21 1 1 1 31 
Ontario 4 6 4 1 0 0 15 
Alberta 4 1 0 0 0 1 6 
Nunavut 0 0 5 0 0 0 5 
British Columbia 1 1 1 0 0 0 3 
Northwest Territories 0 0 3 0 0 0 3 
Manitoba 1 1 0 0 0 0 2 
Saskatchewan 1 0 0 0 0 0 1 
Newfoundland and Labrador 0 0 1 0 0 0 1 
Total 16 11 35 2 1 2 67 
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analysis of variance tests to compare the serotype of 
intoxication with the length of hospital stay and time 
spent in special care (Figure 2). Serotype had a signifi-
cant effect on the length of hospital stay (p<0.0001) 
and the length of time spent in special care (p<0.0001). 
A Tukey honest significant difference post hoc com-
parison test indicated that cases of type A were as-
sociated with significantly longer hospital stays than 
were type B (p<0.01) or type E (p<0.0001), and type A 
case-patients spent significantly longer times in spe-
cial care than did patients with type B (p<0.001) or 
type E (p<0.0001). We noted no significant difference 
between types B and E for length of hospital stay (p = 
0.17) or time in special care (p = 0.48). We removed 1 
case of type A from analysis because the patient was 
hospitalized for 497 days and that case was identified 
as an outlier by a 2-sided Grubb test (p<0.01). Type F 
was not included in this analysis because only a sin-
gle case that matched hospital records was identified 
within the reported period. Our results suggest that 
BoNT type A is associated with more severe clinical 
outcomes than types B and E. Of note, the 7 deaths 
during the reporting period were associated with 2 
cases of type A, 1 case of each type B and type E, and 
1 case of undetermined serotype.

Discussion
The average annual incidence of foodborne botulism 
cases in Canada (0.01 case/100,000 population) dur-
ing 2006–2021 is the same as that of the United States 
during 2001–2017 (21). Canada’s incidence also was 

less than the overall incidence (0.02 case/100,000 
population) in European Union or European Eco-
nomic Area countries in 2014 and less than incidences 
in France (0.02–0.03 case/100,000 population) during 
2013–2016, Italy (0.03 case/100,000 population) dur-
ing 1986–2015, Poland (0.04 case/100,000 population) 
during 2010–2018, and the Republic of Georgia (0.3–
0.9 case/100,000 population) during 1980–2002 (22–
26). The average annual incidence of foodborne botu-
lism in Canada has decreased in recent years. During 
1985–2005, the incidence was 0.03 case/100,000 popu-
lation, and during 1971–1984 the incidence was 0.04 
case/100,000 population (12,13).

The reduction in foodborne botulism was most 
pronounced in Indigenous communities. During 
2006–2021, foodborne botulism in Indigenous com-
munities accounted for 46% of all cases, which is a re-
duction from 85% of all cases for the previous 16-year 
period of 1990–2005 (Figure 1). In addition, during 
2006–2021 the average annual rate of foodborne botu-
lism in Indigenous communities was 1.9 cases/year, 
but incidence was 6.7 cases/year during 1985–2005 
and 8.7 cases/year during 1971–1984 (12,13). The inci-
dence of type E botulism in Indigenous communities 
corresponds to the geographic distribution of C. botu-
linum type E spores in shoreline soils along the Hud-
son Strait and Ungava Bay in northern Quebec (27). 
Contamination occurs during butchering of marine 
mammal meat, but C. botulinum spore germination 
and production of BoNTs occurs during storage of 
the traditional Indigenous foods (27). Type E strains 
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Figure 2. Box and whisker plots of 
length of hospitalization and special 
care among persons affected by 
foodborne botulism serotypes A, 
B, and E, Canada, 2006–2021. A) 
Length of hospitalization; B) length 
of time in a special care unit. The 
box and whiskers represent the 
data as quartiles; the whiskers 
(vertical lines) represent the 
top and bottom values, the box 
represents the 1st (bottom) to 3rd 
(top) quartiles of values, and the 
horizontal line in the middle of the 
box represents the median. The 
circles indicate individual data 
points including outliers. A single 
outlier for time in special care 
occurred for serotype E.
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belong to group II C. botulinum, which possesses a 
lower minimum growth temperature of 2.5°C–3°C 
than group I strains (28), permitting growth in north-
ern climates.

Outbreaks in the Nunavik region of northern 
Quebec were most associated with igunaq (meat and 
blubber) and misiraq (a product consisting of oil from 
the blubber of marine mammals) and occurred most 
often in the summer months; 70% of cases occurred 
from July through September. According to the Qa-
nuilirpitaa? (How are we now?) 2017 Health Survey, 
the consumption of country foods (traditional foods 
that are largely only available in Canada’s far north) 
did not decline during 2004–2017 and accounted for 
≈40% of all meat and fish consumed (29). That find-
ing underlines the importance of working closely 
with Indigenous communities to communicate the 
risk for disease and the ways of reducing risk, while 
continuing to practice traditional subsistence activities 
that are linked with numerous health benefits (30,31). 
The NRBHSS collaborates with the Nunavik Hunt-
ing, Fishing and Trapping Organization to inform the 
population about safe traditional food preparation 
techniques, and symptoms of foodborne botulism in-
toxications. The NRBHSS recommends chilling butch-
ered meat to below 4°C as soon as possible and storing 
meat in a freezer (home or community) and to wait 
to begin the traditional outdoor aging process in the 
fall when temperatures are cooler. Those interventions 
might have contributed to the observed decrease of 
botulism cases in Indigenous communities in Quebec 
in recent years. In addition, the NRBHSS maintains 
clinical guidance documents and provides training to 
clinicians in the region to ensure prompt recognition 
and management of cases of botulism intoxication.

Foodborne botulism occurs via ingestion of pre-
formed BoNTs in foods contaminated by C. botuli-
num, but identification of a toxic food source remains 

a significant challenge (32). Only 36 (54%) cases 
were associated with laboratory-confirmed foods in 
which BoNTs were detected (Table 2). That rate is 
comparable to the United States, which identified a 
laboratory-confirmed food vehicle in 47% of all cases 
during 2001–2017 (21), and Italy, which identified a 
food vehicle in 31% of all laboratory-confirmed cases 
during 1986–2015 (24). The low success rate for food 
origin tracing might be because most (97%, n = 29) 
outbreaks without an identified food source involved 
only a single (sporadic) case. Of those sporadic cas-
es, 24 (83%) had no food submitted for testing. Out-
breaks involving several linked individual cases en-
able epidemiologic identification of foods patients 
have in common. Of the 8 outbreaks involving >1 
case during the reporting period, 7 were traced to a 
food source. The 1 multicase outbreak that was not 
traced to a food source was because no food was sub-
mitted for testing.

The data obtained from CIHI and NRBHSS hos-
pital records are consistent with previous reviews 
indicating that foodborne botulism is a rare disease 
in the population but is associated with severe clini-
cal outcomes. Recent reports from the World Health 
Organization (2007–2015), Taiwan (2012–2015), and 
Greece (1996–2006) have estimated that botulism has 
one of the lowest overall disability-adjusted life years 
(accounting for prevalence in the population) of all 
foodborne illnesses, yet severe botulism ranks as one 
of the highest disability weights based strictly on clin-
ical outcomes (33–35). 

In Canada, ≈4 million episodes of domestically 
acquired foodborne illness occur each year, attrib-
uted to 30 known and unknown pathogens (36). C. 
botulinum ranks at 28 out of 30 for prevalence (i.e., 
estimated cases per 100,000 population) but has the 
highest proportion of hospitalizations and deaths 
per case of all known pathogens. We found illness 

 
 
Table 2. Foodborne botulism outbreaks, cases, deaths, and serotype, by year and food source, Canada, 2006–2021 
Food source Years Outbreaks Cases Deaths Serotype 
Commercial retail foods  

    

 Carrot juice 2006 1 2 0 A 
 Ground beef 2009 1 2 0 B 
 Salted fish 2012 1 3 0 E 
 Alfredo sauce 2021 1 1 0 AB 
Home-prepared foods  

    

 Spaghetti sauce 2006 1 2 0 A 
 Watermelon jelly 2011 1 1 0 B 
Traditionally prepared Indigenous foods (traditional name)  

    

 Blubber in oil (misiraq) 2006–2021 7 8 1 E 
 Meat and fat (igunaq) 2006–2021 5 10 1 E 
 Beluga skin (muktuk) 2006–2021 3 3 0 E 
 Aged meat 2006–2021 3 3 0 A, E 
 Salmon eggs 2013 1 1 1 E 
Unknown* 2006–2021 30 31 4 A, B, E, F 
*Food was either not submitted for analysis or was submitted but not found to be toxic. 
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caused by BoNT type A was associated with signifi-
cantly longer hospital stays and more time spent in 
special care than illness caused by types B and E. That 
finding is consistent with previous reports showing 
that BoNT type A has higher rates of severe illness 
than types B, E, or F, based on a higher proportion 
of patients requiring mechanical ventilation and lon-
ger average hospital stays (37,38). Another study in 
the United States (1975–2009) found that type F had a 
higher mortality rate than types A or B (39), although 
the authors noted that heptavalent antitoxin, which 
is effective for type F, only became available in 2010.

Two limitations of this study highlight potential 
opportunities for improved prevention and surveil-
lance of foodborne botulism in Canada: identifying 
toxic foods associated with outbreaks and compre-
hensively cross-referencing cases with hospital re-
cords. First, the difficulty in identifying a food source 
can be caused in part by misdiagnosis of botulism 
as stroke, Guillain-Barré syndrome, or myasthenia 
gravis. Food history and collection can be delayed 
by misdiagnosis after an outbreak, resulting in dis-
carding of toxic foods. Improved communication 
between hospital staff, diagnostic laboratories, and 
public health officials would help ensure that a food 
history and sampling is performed for each laborato-
ry-confirmed case of foodborne botulism. The second 
limitation of this study is the proportion of foodborne 
botulism cases that were cross-referenced to hospital 
records. Missing hospital records might in part be a 
result of the narrow range of years that are available 
from CIHI databases (2005–2010 for HMDB), which 
is specific to Quebec and required collaboration with 
local public health units for records after 2010. In ad-
dition, 9 laboratory-confirmed cases did not match 
any records in CIHI databases, even within the years 
available. The missing CIHI records for laboratory-
confirmed cases of foodborne botulism likely were a 
result of a missing diagnostic code in the databases. 
Treatment with BAT was not recorded in CIHI data-
bases as a treatment under the Canadian Classifica-
tion of Health Interventions (code 8.BB.70.HA-BX); 
therefore, we found no records for this life-saving 
therapeutic (4,5). 

In conclusion, we found that foodborne botu-
lism rates in Canada decreased during 2006–2021 
compared with previous years, especially among 
Indigenous populations. However, cases might 
have been underreported because of misdiagnosis 
or lack of appropriate diagnostic coding. Expanding 
the years available for the HMDB database in CIHI 
and ensuring the use of proper coding for suspected  
diagnoses and treatments would help to capture 

more instances of foodborne botulism in Canada 
and aid in evaluation of BAT as a therapeutic for pa-
tients of this severe illness.
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Jordan reported ≈1.1 million confirmed COVID-19 
cases and ≈12,500 deaths by the end of December 

2021 (1), accounting for ≈6.0% of the total confirmed 
cases and ≈4.0% of the total number of deaths in the 

World Health Organization (WHO) Eastern Medi-
terranean Region (1). The COVID-19 epidemiologic 
curve in Jordan during the first 2 years of the pan-
demic followed distinct phases that reflected the 
complex interrelation between the natural evolution 
of the outbreak and the implementation of public 
health and social measures (PHSMs), which were also 
modulated in relation to the COVID-19 vaccination 
campaign (2) and the introduction of different vari-
ants of concern.

Jordan was particularly successful in flattening 
the epidemiologic curve during the first months of the 
pandemic until April 2020 because of implementation 
of strict PHSMs (3). However, the progressive easing 
of restrictions resulted in an exponential increase in 
cases, and the first 2 epidemic peaks in November 
2020 and March 2021 led to ≈10,000 confirmed cases 
per day (4). Throughout that and subsequent phases 
of the pandemic, public health policies focused on 
reducing COVID-19 transmission and mortality in 
Jordan were supported by a participatory, epidemio-
logic scenario-based modeling approach. 

We provide an overview of lessons learned and 
challenges in conducting modeling efforts to simulate 
the transmission of SARS-CoV-2 in Jordan during 
the first year of the pandemic. Specifically, we assess 
the likely effectiveness of different combinations of 
physical distancing measures, and we describe the 
approach taken to ensure national level buy-in to the 
modeling results.

Efficacy of Physical Distancing Interventions
During the earliest stages of the COVID-19 pandem-
ic, in the absence of proven antiviral medication and  
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We engaged in a participatory modeling approach with 
health sector stakeholders in Jordan to support govern-
ment decision-making regarding implementing public 
health measures to mitigate COVID-19 disease burden. 
We considered the effect of 4 physical distancing strate-
gies on reducing COVID-19 transmission and mortality 
in Jordan during March 2020–January 2021: no physi-
cal distancing; intermittent physical distancing where all 
but essential services are closed once a week; intermit-
tent physical distancing where all but essential services 
are closed twice a week; and a permanent physical dis-
tancing intervention. Modeling showed that the fourth 
strategy would be most effective in reducing cases and 
deaths; however, this approach was only marginally 
beneficial to reducing COVID-19 disease compared with 
an intermittently enforced physical distancing interven-
tion. Scenario-based model influenced policy-making 
and the evolution of the pandemic in Jordan confirmed 
the forecasting provided by the modeling exercise and 
helped confirm the effectiveness of the policy adopted 
by the government of Jordan.
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vaccines, PHSMs represented the only option avail-
able for reducing COVID-19 community transmission 
and mortality (5). Among the wide variety of PHSMs 
applied in different settings, physical distancing inter-
ventions (PDIs) and curfews were considered among 
the most effective (6). For the purpose of our analysis, 
we considered PDIs to be interventions that require 
persons to maintain a physical distance of >1 m from 
other persons in all essential services (e.g., services 
conducted by grocery stores and healthcare facili-
ties) and the closure of public places. The purpose of 
such interventions was ultimately to reduce the prob-
ability of COVID-19 transmission among persons (7). 
Evidence on the importance of this variety of PHSMs 
in limiting the transmission of COVID-19 emerged in 
Europe and Asia (8,9) and in the United States, where 
school closures have been found to reduce COVID-19 
incidence and mortality rates by as much as 60% (10). 
Of note, several PHSMs, including PDIs, were sub-
stantially more effective when implemented while 
incidence rates remained low (11).

However, PDIs are unsustainable and may have 
wider-reaching detrimental effects. For example, 
home confinement considerably increased the rate of  

domestic violence in many countries, affecting women 
and children the most (12), and limited access to essen-
tial services for vulnerable populations (13–17). There-
fore, tailored interventions that maintain persons’ 
livelihoods and keep economies functional while pro-
tecting persons at high risk need to be considered (11).

Curfews and Physical  
Distancing Interventions in Jordan
The PHSM strategy adopted in Jordan included im-
posing a nightly curfew (6 hours) from 12 AM to 6 
AM, closing schools and universities, increasing com-
munity awareness of hygiene and enforcing a mask 
mandate in public places (18), and prohibiting mass 
gatherings (19). Community transmission in Septem-
ber 2020 triggered the imposition of an intermittent 
PDI, enforced on Fridays and Saturdays, lasting for 
4 weeks. Shortly afterwards, physical distancing was 
only enforced on Fridays during October 2020–Janu-
ary 2021 (Figure 1). On those Fridays, all city activi-
ties, shops, and public places had to be closed (19). 
Furthermore, leaving the house was prohibited, ex-
cept for persons who held a permit, such as health-
care personnel. Restrictions on other days of the week 
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Figure 1. Epidemiologic 
indicators and PHSMs 
in a COVID-19 modeling 
study, Jordan, March 2020–
January 2021. A) Timeline of 
implemented PHSMs. Colors 
indicate individual PHSMs; 
level of shading represents the 
coverage of each intervention 
in the timeline, ranging from 
0% to 100%. B) Estimated Rt, 
calculated using the EpiEstem 
package in R (https://CRAN.R-
project.org/package=EpiEstim), 
which presents the number 
of new case-patients infected 
by an average case-patient at 
time t. Green shading indicates 
95% CI. C) Daily incidence and 
mortality rates for COVID-19 in 
Jordan. PHSM, public health 
and social measure; Rt, effective 
reproduction number. 



SYNOPSIS

consisted of a 6-hour curfew period after midnight 
(from 12 AM to 6 AM), with no restriction on persons’ 
movement during the rest of the day (19). Such a 
unique approach was debated, and physical distanc-
ing for 1 day a week was questioned in terms of its 
healthcare benefit based on evidence (20).

The Jordan Ministry of Health, with the support of 
WHO, launched 3 rounds of a nationwide seropreva-
lence survey from the onset of the pandemic through 
the beginning of 2021. Findings revealed that seroprev-
alence steadily increased over time; only a tiny fraction 
of persons were seropositive in August 2020 (0.3%), a 
more than 20-fold increase was observed by October 
2020 (7.0%), and up to one third of the overall popula-
tion had been exposed by January 2021 (34.2%) (4).

Using Mathematical Modeling in Decision-Making
In the context of infectious diseases, epidemiologic 
models play a critical role in anticipating the transmis-
sion of the disease and driving public health policies 
designed to limit illness and death (21). Specifically, ep-
idemiologic models represent a tool for policy makers 
to design and evaluate targeted interventions. To do so, 
a range of factors specific to a setting are taken into con-
sideration, such as demographic features, healthcare ca-
pacity, and the concurrent interaction among multiple 
PHSMs. When limited data are available, mathematical 
models can provide key elements to decision-makers 
on the effect of various future policy scenarios (22,23).

In Jordan, including relevant country stakehold-
ers at each stage of the modeling process ensured that 
data were reliable and accurate and that the analy-
sis was focused on addressing specific policy ques-
tions (24,25). The senior management of the Ministry 
of Health requested a series of scenarios on a regular 
basis (on average, once every 5–6 weeks) and worked 
directly with WHO to run the model and present the 
model’s findings to inform high-level and evidence-
based decision-making. Starting after the second 
modeling round in October 2020, the Strategic Plan-
ning Department of the Jordanian Royal Hashemite 
Court supported those modeling techniques and bol-
stered them by expanding data availability, which 
was critical to initiate the process.

Model Selection
At the onset of the pandemic, the WHO Jordan Coun-
try Office approached the Minister of Health to pro-
pose the use of mathematical modeling to estimate 
the epidemiologic outcomes under different scenar-
ios. We selected and adapted the COVID-19 Interna-
tional Modeling Consortium (CoMo) model for im-
plementing mathematical modeling analysis because 

of its suitability for conducting modeling analysis in 
low- to middle-income countries (26) and because 
it provided other desirable features, including the 
ongoing support from CoMo (26), an active team of 
software developers, and epidemiologic modelers. 
Additional resource requirements for implementing 
our participatory modeling approach were minimal 
(e.g., a stable internet connection, the R open-source 
statistical software [The R Foundation for Statistical 
Computing, https://www.r-project.org], and stan-
dard desktop applications).

The CoMo model is an age-dependent, determin-
istic, susceptible–exposed–infectious–recovered com-
partmental design that models transmission of SARS-
CoV-2 in the population and can be used to estimate the 
relative effect of various PHSMs (Appendix, https://
wwwnc.cdc.gov/EID/article/29/9/22-1493-App1.
pdf). The model considers 5 levels of infection severity: 
asymptomatic, symptomatic, infections requiring hos-
pitalization, infections requiring intensive care treat-
ment, and infections requiring ventilated intensive care 
treatment. Infection severity and associated mortality 
rates are age-dependent, in that the proportion of infect-
ed persons requiring hospitalization and the proportion 
who die varies with age. In addition to predicting case 
and death rates at various timepoints, the CoMo model 
also incorporates 2 submodels: hospital and critical care 
requirements and implementation of public health and 
safety measures. The CoMo model incorporates a hos-
pital submodel that suggests when hospital and critical 
care requirements will exceed the capacity of the coun-
try’s healthcare system (e.g., in terms of hospital beds, 
intensive care units, and ventilators available for use).

Participatory Modeling of the COVID-19  
Pandemic in Jordan
Participatory modeling approaches engage a range 
of stakeholders from academia, public health sectors, 
and government throughout the entire modeling pro-
cess and promote the translation of model results into 
public health decision-making (27). We applied the 
participatory modeling process developed by WHO’s 
Eastern Mediterranean Region Office (EMRO) model-
ing support team to analyze the COVID-19 pandemic 
in Jordan. Specifically, WHO EMRO established a 
modeling support team in mid-March 2020 as part of 
the information management component within its 
COVID-19 Incident Management Support Team with 
the objective of addressing imminent decision-mak-
ing needs and promoting awareness of how models 
work (24). When approaching the Minister of Health 
at the onset of the pandemic, the WHO Jordan Coun-
try Office proposed the use of the CoMo model. 
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The participatory modeling began, therefore, 
with an initial meeting to communicate the model-
ing methodology and develop common expectations 
regarding the outcomes of the modeling exercise. 
The participants of this process included the WHO 
Jordan Country Office, the Minister of Health of Jor-
dan, the Ministry of Health Secretary General for the  
COVID-19 portfolio (appointed to oversee COVID-19 
response in Jordan), epidemiologic modeling re-
searchers from the University of Oxford, and math-
ematical modelers, surveillance officers, and policy 
analysts from WHO EMRO. Although no specific 
declaration of interest was signed, there was no re-
muneration for any stakeholder.

We collected input parameters for the CoMo 
model by using a standardized template (developed 
in Excel [Microsoft, https://www.microsoft.com]) 
accompanied by a guidance document describing the 
model parameters and their definitions. We conduct-
ed 3 rounds of modeling analysis over a period of ≈3 
months (November 2020–February 2021).

The participatory modeling process was instru-
mental in meeting recommended standards of prac-
tice associated with mathematical modeling for pub-
lic health decision-making. Throughout the continued 
engagement of participants, communication of model 
uncertainty was reinforced, and key aspects of uncer-
tainty, such as parameters related to viral transmis-
sion, were identified. Model outputs were routinely 
discussed among partners; satisfaction around model 
outputs paved the way for codevelopment of mod-
eling results in the policy and decision-making pro-
cess. In addition, patterns of reported and modeled  
COVID-19 disease and mortality were used for dis-
cussions regarding public health surveillance to 
identify possible challenges and misreporting of  
COVID-19 with specialists at the Ministry of Health, 
concerns that were evident from the experience of 
COVID-19 collaborative modeling in the Philippines 
by the WHO Western Pacific Region Office (28).

The participatory process helped to define the 
context for the modeling exercise, including ques-
tions of importance to policymakers, and make it eas-
ier to collect country-specific model inputs (Appen-
dix). Those communications also were productive in 
developing interpretations of the analysis that were 
relevant and useful to all participants.

Scenario-Based Modeling of the COVID-19  
Pandemic in Jordan
We considered 4 scenarios in the analysis: the base-
line scenario and 3 other scenarios (A, B, and C). 
All scenarios considered interventions that were  

designed to reduce the rate at which persons come 
into contact with each other, stemming COVID-19 
transmission in Jordan. Common to each scenario 
are 2 parameters that can be used to define the extent 
of the PDI: coverage and adherence. Coverage refers 
to the percentage of the population that is following 
physical distancing regulations; adherence refers to 
the extent individual persons follow those guide-
lines. An intervention with low adherence but high 
coverage would mean that most of the population 
loosely follow the physical distancing regulations. 
Conversely, an intervention with high adherence but 
low coverage would mean a small percentage of the 
population follow the physical distancing regulations 
to a high standard. All other parameters in the model 
were held constant throughout the duration of the 
simulation. We developed the scenarios considered 
through an iterative process of engaging with rel-
evant policy makers, updating the scenarios as more 
information became available (since the last analysis), 
and adapting the scenarios to reflect the effect of po-
tential future changes to PHSMs.

The baseline scenario considers the situation of 
no government intervention but assumed 50% of the 
population would continue to physically distance 
themselves. This percentage was suggested by pub-
lic health experts in Jordan and is in line with avail-
able literature (29). Scenario A assumed the Jordan 
population would physically distance themselves for 
a period of 24 hours every Friday (considering Friday 
prayer observance), applying to all but basic services, 
such as hospitals and grocery stores. No government 
restrictions were assumed to be imposed on the other 
days of the week, yet, as in the baseline scenario, we 
assumed a portion of the population (50%) would 
continue to practice a degree of physical distancing 
regardless of government guidelines. Similarly, sce-
nario B is an extension of scenario A in that all but 
essential services were required to close over the en-
tire weekend, reducing contacts as much as possible. 
Last, scenario C, being the most extreme scenario 
considered in our analysis, assumed all but essential 
services were closed for the entire week until the end 
of the simulation period. Consistent across each sce-
nario we assumed the interventions came into effect 
on October 31, 2020, and lasted until the end of the 
simulation period on January 31, 2021.

Estimated Effect of Continuation of 
Planned Measures on Health Outcomes
The timing of the predicted peak incidence, which 
was estimated to occur in mid-November 2020, var-
ied only marginally across the different scenarios 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 9, September 2023 1741



SYNOPSIS

(Figure 2, panel A). However, soon after the inter-
ventions in scenarios A, B, and C were implemented, 
their effect was observed in reduced incidence (Fig-
ure 2, panel A) and cumulative mortality (Figure 2, 
panel B). Unsurprisingly, the most impactful scenario 
was scenario C, where a sharp and rapid reduction in 
cases and deaths was predicted to occur shortly after 
implementation. However, the economic cost of such 
an intervention would likely have been substantial 
for the population.

Exploring Variation in Efficacy of  
Different Scenarios
We estimated the effect of scenarios A, B, and C in 
terms of the percentage reduction of COVID-19 cases 
and deaths during November 2020–January 2021 rel-
ative to the baseline scenario (Figure 3). The coverage 
of the PDI in each scenario was assumed to only be 
relevant during the days of the week the intervention 
was enforced. During the nonintervention days of the 
week, we assumed 50% of the population continued 
to practice physical distancing regardless of govern-
ment guidelines. Consistently across each scenario, 
the model estimated that the greatest reduction in 
COVID-19 incidence and death was associated with 
increasing adherence to the respective physical dis-
tancing guidelines implemented by the government. 
When the adherence of the population was low, in-
creasing the coverage of the PDI had relatively little 
effect on reducing disease. Conversely, however, if 

the adherence of persons who follow government 
regulations was high (>80%), the model estimated 
that increasing the coverage of the population had 
compounded effects on reducing COVID-19 disease 
incidence and death.

The greatest effect was observed under scenario 
C, with high coverage and high adherence (97% re-
duction in cases and deaths relative to the baseline 
scenario, assuming 100% coverage and adherence). 
However, assuming adherence and coverage >90% 
for either scenario A or B, the model predicted that 
reported cases and deaths would have reduced by 
≈90% relative to the baseline scenario. In contrast, 
any scenario (either A, B, or C) with low coverage 
(<25%) had almost no effect, decreasing disease in-
cidence and death by as little as 10% relative to the 
baseline scenario. The difference in disease incidence 
and death between scenarios A and C equates to 
roughly 7% fewer cases and deaths (assuming the 
coverage and adherence are both high [>90%]). As 
coverage and particularly adherence decreases, dis-
eases incidence and death increase rapidly. Those 
results suggest that implementing scenario C during 
October 31, 2020–January 31, 2021, would be only 
marginally beneficial at reducing COVID-19 disease 
and death compared with scenario A or B with high 
coverage and adherence. The findings of our analy-
sis and the subsequent decision-making was sup-
ported by epidemiologic and economic modeling for  
COVID-19 policy in Australia; although tighter  

1742 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 9, September 2023w 

Figure 2. Model-predicted 
reported number of COVID-19 
cases and cumulative number 
of associated deaths under 
scenarios A, B, C, and the 
baseline scenario in a COVID-19 
modeling study, Jordan, 
March 2020–January 2021. 
Scenario A assumes the entire 
population, excepting essential 
services, will physically distance 
themselves for 24 hours every 
Friday while reverting to their 
usual behavior on the other 
days of the week. Scenario B 
assumes the population will 
physically distance themselves 
for the entire weekend (Friday and Saturday) while reverting to their usual behavior throughout the week. Scenario C assumes the 
entire population, except for essential services, will physically distance themselves for the entire week while never reverting to their 
usual behavior. Baseline scenario assumes no government intervention and half the population instinctively physically distancing 
themselves to avoid infection. Common to each scenario are 2 parameters used to define the extent of the physical distancing 
intervention: coverage, which refers to the percentage of the population following physical distancing regulations, and adherence, 
which refers to the extent to which individual persons follow those guidelines. On days when the interventions are not enforced, 
simulations assume 80% adherence and 50% coverage of the population practice physical distancing, while on days when the 
interventions are enforced it is assumed that 80% adherence and 90% coverage of the population physically distance themselves. 
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stringency PHSMs remarkably reduced cumulative 
infections in that country, that effect had the trad-
eoff of higher expected societal economic losses (29). 
Therefore, ranking of policy options should be based 
on optimality and cost-effectiveness, possibly leading 
to a mix of higher-stringency PHSMs (30).

We retrospectively compared the results of sce-
nario A to historical reported data (Figure 4). We 
found the incidence under scenario A closely re-
sembled the reported data for an assumed coverage 
of 60% and adherence of 80% and even more so for 
cumulative mortality (Figure 4). The coverage and 
adherence parameters for another scenario (Figure 5) 
closely resemble the reported Google mobility data 
for Jordan (31). We considered the average of the 
Google mobility data reported from retail and recre-
ational facilities, grocery and pharmacy stores, and 

parks and transit locations. Changes in the average 
Google mobility data occurred on weekly intervals, 
representing the reduced mobility of persons during 
the weekend (Figure 5).

Challenges and Limitations
As in all modeling studies, we made various assump-
tions in this analysis. We cannot accurately estimate 
COVID-19 transmission rates and the effective repro-
duction number (Rt) when the burden of COVID-19 
in the country is underestimated because of under-
reporting of cases and associated deaths. This limi-
tation prevented us from performing model fitting, 
for example, using Bayesian particle filtering meth-
ods, to estimate the actual dynamics of COVID-19 
and perform inference on key parameters such as the 
basic reproduction number (R0). Moreover, although 
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Figure 3. Model-predicted heat map showing percentage reduction in COVID-19 incidence (top row) and deaths (bottom row) in a 
COVID-19 modeling study in Jordan under 3 different scenarios (A, B, and C), relative to the baseline scenario, aggregated for the period 
November 2020–January 31, 2021. Dark blue corresponds to nearly 100% reduction in incidence and cases relative to the baseline 
scenario; dark red corresponds to 0% reduction. Scenario A assumes the entire population, excepting essential services, will physically 
distance themselves for 24 hours every Friday while reverting to their usual behavior on the other days of the week. Scenario B assumes the 
population will physically distance themselves for the entire weekend (Friday and Saturday) while reverting to their usual behavior throughout 
the week. Scenario C assumes the entire population, except for essential services, will physically distance themselves for the entire week 
while never reverting to their usual behavior. Baseline scenario assumes no government intervention and half the population instinctively 
physically distances themselves to avoid infection. Common to each scenario are 2 parameters used to define the extent of the physical 
distancing intervention: coverage, which refers to the percentage of the population following physical distancing regulations, and adherence, 
which refers to the extent to which individual persons follow those guidelines. The coverage parameter was varied between values of 
50% and 100% (presented on the horizontal axis of each heat map) on the days when the physical distancing intervention was enforced. 
On respective days when the interventions were not enforced, simulations assume the coverage was constant at 50%. The adherence 
parameter varied between 0% and 100% (presented on the vertical axis of each heat map), remaining constant throughout each simulation. 
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our models included age-specific mixing patterns, 
geographic location–specific mixing patterns were 
ignored. This analysis modeled Jordan as a whole, 
whereas differences between governorates may have 
warranted a spatially explicit approach to modeling. 
The analysis did not account for the introduction of 
variants of concern and assumed that natural infec-
tion provided lifelong protection against reinfection. 
Ensuring policy makers understand the limitations of 
these assumptions through clear communication is 
vital to ensure the model’s relevance.

Conclusions
COVID-19 modeling has been a substantial achieve-
ment (32). Strong and consistent national support and 
inputs from a wide range of critical stakeholders, such 
as the Ministry of Health and the Royal Hashemite 

Court, ensured that estimations of relative effect have 
been constantly refined over time.

The participatory scenario-based approach we 
describe considered the effect of intermittent PDIs on 
reducing COVID-19 transmission in Jordan. We show 
that enforcing a PDI with no intermittent periods is 
only marginally beneficial to reducing COVID-19 
disease burden compared with an intermittently en-
forced PDI. The evolution of the pandemic in Jordan 
confirmed the forecasting provided by the modeling 
exercise and helped confirm the effectiveness of the 
policy adopted by the government of Jordan. The in-
sights from scenario-based modeling influenced the 
implementation of PHSMs and PDIs; specifically, sce-
nario-based models were used to updating PHSM and 
PDI guidelines in addition to other evidence-based 
actions, such as infection prevention and control (33).
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Figure 4. Comparison of 
COVID-19 daily incidence (A) 
and cumulative deaths (B) under 
model scenario A compared with 
reported data in a COVID-19 
modeling study, Jordan, March 
2020–January 2021. Scenario A 
assumes the entire population, 
excepting essential services, will 
physically distance themselves 
for 24 hours every Friday while 
reverting to their usual behavior 
on the other days of the week. 
The scenario is defined by 2 
key parameters: coverage and 
adherence. On days when the 
physical distancing intervention 
was enforced, the simulation 
assumes 60% of the population is following physical distancing regulations (coverage) and that those persons spend 80% of their 
time adhering to the intervention (adherence).

Figure 5. Percentage changes 
in mean mobility among the 
population, Jordan, February 
2020–January 2021, including 
around retail and recreational 
facilities, grocery and pharmacy 
stores, parks, and transit 
locations. Google mobility 
data are used as a proxy for 
the population’s coverage and 
adherence to COVID-19–related 
physical distancing interventions.
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By interacting directly with the policy decision-
makers, we were able to define the context of the 
modeling exercise and address specific policy ques-
tions they posed. Furthermore, communicating what 
mathematical modeling is capable of and its limita-
tions at every stage of the analysis was vital to the 
success of the project. This level of engagement 
strengthened communication between stakeholders 
and encouraged insights learned through the model-
ing process to be incorporated into policy decisions.

This modeling initiative for the pandemic con-
firmed the comparative advantage in providing 
hands-on support to national health authorities for 
developing evidence-based policies. The participato-
ry approach in running COVID-19 modeling research 
provided the chance to convey the model’s caveats 
and limitations and disseminate modeling results 
among governing bodies and partners as appropri-
ate. By leveraging and investing in WHO resources 
and providing essential assistance for the pandemic 
(e.g., procurement, research, and capacity building), 
WHO created crucial evidence to help with decision-
making within and beyond Jordan’s health sector.
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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.
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COVID-19, caused by SARS-CoV-2, remains a 
global health threat (1). Although COVID-19 

vaccinations have covered most of the population 
in many countries (2), vaccine effectiveness is lim-
ited because of the emergence of highly contagious 
variants and a decrease in SARS-CoV-2 antibody ti-
ter over time (3,4). Therefore, individual compliance 

with nonpharmaceutical interventions (NPIs), such 
as physical distancing, mask wearing, and increased 
building ventilation, remains essential for COVID-19 
prevention (5–7).

Temporal changes in compliance with several 
NPI-related preventive behaviors have been reported 
(8–11). However, those studies were followed up for 
a short period (e.g., within 0.5–1 year) and included 
limited types of preventive behaviors. Since the first 
case of COVID-19 was confirmed, some preven-
tive measures, such as surface sanitation, have been 
considered less effective, whereas others, such as 
increased building ventilation, have been confirmed 
as more effective in general settings (12,13). Previ-
ous studies have not examined changes in preven-
tive measure compliance over time. A cross-sectional 
study reported patterns of compliance with multiple 
preventive measures (14); however, whether those 
compliance patterns changed over time remained 
unclear. We performed a 2-year longitudinal study 
in Japan to determine changes in compliance with 14 
NPI-related COVID-19 preventive behaviors; identify 
compliance patterns for those behaviors over time; 
and define sociodemographic characteristics associ-
ated with compliance for each preventive behavior 
and characteristics associated with compliance pat-
terns for multiple preventive behaviors.

Methods

Study Design and Participants
We conducted a 2-year follow-up longitudinal study 
by using unbalanced panel data obtained from 2 Ja-
pan COVID-19 and Society Internet Surveys (JAC-
SIS) and 2 Japan Society and New Tobacco Internet 
Surveys (JASTIS). JACSIS aimed to evaluate health 
conditions and social determinants during the  
COVID-19 pandemic in Japan, whereas JASTIS aimed 
to evaluate the status of new tobacco products and 
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COVID-19 remains a global health threat. Compliance 
with nonpharmaceutical interventions is essential be-
cause of limited effectiveness of COVID-19 vaccines, 
emergence of highly contagious variants, and declin-
ing COVID-19 antibody titers over time. We evalu-
ated compliance with 14 nonpharmaceutical interven-
tion–related COVID-19 preventive behaviors, including 
mask wearing, ventilation, and surface sanitation, in a 
longitudinal study in Japan using 4 waves of Internet 
survey data obtained during 2020–2022. Compliance 
with most preventive behaviors increased or remained 
stable during the 2-year period, except for surface sani-
tation and going out behaviors; compliance with venti-
lation behavior substantially decreased in winter. Com-
pliance patterns identified from latent class analysis 
showed that the number of persons in the low compli-
ance class decreased, whereas those in the personal 
hygiene class increased. Our findings reflect the relax-
ation of mobility restriction policy in Japan, where the 
COVID-19 pandemic continues. Policymakers should 
consider behavioral changes caused by new policies to 
improve COVID-19 prevention strategies.
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their related factors in Japan (11,15). Surveys were ad-
ministered via Internet questionnaires. The surveys 
were conducted during the following periods: August 
25–September 30, 2020 (JACSIS2020); February 8–26, 
2021 (JASTIS2021); September 27–October 29, 2021 
(JACSIS2021); and February 1–28, 2022 (JASTIS2022). 
Daily numbers of newly confirmed COVID-19 cases 
in Japan were determined during the survey periods 
(https://www.mhlw.go.jp/stf/covid-19/open-data.
html) (Appendix Figure 1, https://wwwnc.cdc.gov/
EID/article/29/9/22-1754-App1.pdf). The original 
population of all 4 surveys came from the same panel 
data. Candidates registered as panelists at an Internet 
research company (Rakuten Insight, https://insight.
rakuten.com) in Japan and responded to multiple sur-
veys; therefore, the number of survey waves encoun-
tered by participants ranged from 1 to 4. We excluded 
participants who provided inconsistent or unreliable 
responses in the questionnaires (e.g., selected ap-
plicable for all questions regarding various types of 
current drug use or chronic diseases, including major 
noncommunicable diseases) from the analysis. In ad-
dition, we excluded participants who were <20 or >79 
years of age.

Outcome Variables
The evaluated outcomes in each survey were compli-
ance with COVID-19 preventive behaviors. We se-
lected 14 preventive behaviors related to COVID-19 
NPIs: mask wearing, ventilation, social distancing, 
avoiding crowds, hand sanitation, hand washing, 
gargling, respiratory hygiene, avoiding touching 
one’s face, surface sanitation, avoiding travel, avoid-
ing going out, avoiding talking closely, and avoid-
ing meeting high-risk persons. We asked the par-
ticipants about their compliance with each of those 
preventive behaviors; participants who answered 
that they always complied were considered compli-
ant with each preventive behavior (Appendix Table 
1). Mask wearing, ventilation, social distancing, 
and avoiding crowds were behaviors mandated by 
the government of Japan campaign called the 3 Cs, 
which requests that the public should avoid closed 
spaces, crowded places, and close-contact settings to 
prevent COVID-19 (1,16).

Predictors
For predictors, we used a continuous scale for sur-
vey waves (recorded as 0 for JACSIS2020, 1 for JAS-
TIS2021, 2 for JACSIS2021, and 3 for JASTIS2022), 
survey type (JACSIS or JASTIS), sex, age categories, 
education, and equivalent income. For age, education, 
and equivalent income, we used the values from each 

survey. Surveys were conducted in the summer/au-
tumn (JACSIS) and winter (JASTIS). In addition, we 
included population density at the prefecture level 
as a geographic predictor as a binary variable catego-
rized as the top 20% of densely populated prefectures 
in Japan, which are Tokyo, Osaka, Kanagawa, Saita-
ma, Aichi, Chiba, Fukuoka, Okinawa, and Hyogo.

Statistical Analysis
We estimated the absolute differences in percent-
ages and 95% CIs for each preventive behavior ac-
cording to generalized estimating equations, fitting 
the Gaussian distribution and identity link function 
by using a Huber–White sandwich estimator for SEs 
(17). We identified compliance patterns for multiple 
preventive behaviors to simplify interpretation and 
gain a holistic understanding of preventive behavior 
compliance during the COVID-19 pandemic and used 
latent class analysis to identify those patterns (18). We 
estimated the probability of being in each class on the 
basis of the generalized structural equation model 
fitting the logistic regression model and included 
the binary variables of preventive behavior compli-
ance as dependent variables. We determined the final 
number of latent classes according to a scree plot of 
the Bayesian information criterion and proportion of 
participants belonging to the smallest class. For the 
scree plot, we estimated the Bayesian information cri-
terion for each model by using a different number of 
latent classes from 1 to 6; the elbow of the scree plot 
was considered to have an appropriate number of 
classes (18). Furthermore, a class representing a small 
portion of the population would violate the general-
izability and interpretability of the result; therefore, 
we excluded the model that estimated >1 class that 
included <15% of participants (18). To avoid violat-
ing the local independence assumption within the 
class, we excluded the preventive behavior that had a 
φ coefficient of >0.7 with the other behaviors (18). We 
found a strong correlation between social distancing 
and avoiding talking closely behaviors (Appendix 
Table 2); therefore, we excluded the avoiding talking 
closely behavior from latent class analysis. 

We also used the estimated class as the outcome 
and evaluated its association with predictors. We fit-
ted the multinomial logistic regression model with 
generalized estimating equations and estimated the 
absolute difference in probability (percentage and 
95% CIs) of belonging to each class according to each 
predictor by using the parametric g-formula (19). To 
evaluate the mobility of latent classes through the 4 
surveys, we created a Sankey plot of the proportion 
of each class at each survey point for participants who 
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responded to all 4 survey waves. To reduce selection 
bias, in all statistical analyses, including descriptive 
statistics and regression analysis, we used the inverse 
probability weighting method and propensity score 
estimated from the Comprehensive Survey of Living 
Conditions, which is representative of a sociodemo-
graphic random sample in Japan (20). We used gen-
eralized estimating equations for data with multiple 
responses among persons and addressed interindi-
vidual correlations; therefore, the results obtained 
from regression analysis can be interpreted as a pop-
ulation-average difference in preventive behavior 
compliance (21). Only the candidates who completed 
the whole questionnaire could register their respons-
es within the online system created by the Internet 
research company; no missing values existed for any 
participant in this study. We used Stata version 17.0 
(StataCorp LLC, https://www.stata.com) for all anal-
yses and set statistical significance at α = 0.05.

Ethical Issues
Both the JACSIS and JASTIS conducted during 2020–
2022 followed procedures approved by the Ethics 
Committee on Research of Human Subjects at the 

Osaka International Cancer Institute (no. 20084-8). In 
addition, we followed Strengthening the Reporting 
of Observational studies in Epidemiology guidelines, 
known as STROBE, to report our observational study.

Results
Initially, the numbers of responses to the question-
naires were 28,000 for JACSIS2020, 26,000 for JAS-
TIS2021, 31,000 for JACSIS2021, and 33,000 for JAS-
TIS2022. After excluding respondents who did not 
meet eligibility criteria, we included 103,312 respons-
es from a total of 41,510 participants (Table 1; Appen-
dix Figure 2) and determined response patterns and 
distribution (Appendix Table 3). Characteristics of the 
respondents were recorded; the average age (±SD) of 
participants was 47.2 ±17.3 SD years; 49.9% were men 
and 50.1% women (Table 2).

We evaluated compliance with each preventive 
behavior according to the survey period (Figure 1). 
Compliance with most behaviors slightly increased 
or remained stable among the surveys; however, 
compliance with ventilation and avoiding going 
out behaviors decreased among the surveys. Com-
pliance with ventilation showed apparent seasonal  

 
Table 1. Preventive behaviors of participants in each survey in study of compliance trajectory and patterns of COVID-19 preventive 
measures, Japan, 2020–2022* 

Characteristics Compliance 
Surveys 

All responses JACSIS2020 JASTIS2021 JACSIS2021 JASTIS2022 
No. responses NA 103,312 (100.0) 24,651 (100.0) 22,350 (100.0) 27,348 (100.0) 28,963 (100.0) 
Preventive behaviors 
 Mask-wearing Yes 91,377 (88.5) 20,624 (83.7) 19,415 (86.9) 24,930 (91.2) 26,407 (91.2) 

No 11,935 (11.5) 4,027 (16.3) 2,935 (13.1) 2,418 (8.8) 2,556 (8.8) 
 Ventilation Yes 42,240 (40.9) 11,221 (45.5) 8,066 (36.1) 13,464 (49.2) 9,489 (32.8) 

No 61,072 (59.1) 13,430 (54.5) 14,284 (63.9) 13,884 (50.8) 19,474 (67.2) 
 Social distancing Yes 45,759 (44.3) 10,317 (41.8) 9,884 (44.2) 12,855 (47.0) 12,703 (43.9) 

No 57,553 (55.7) 14,334 (58.2) 12,466 (55.8) 14,493 (53.0) 16,260 (56.1) 
 Avoiding crowds Yes 61,679 (59.7) 14,771 (59.9) 13,216 (59.1) 17,092 (62.5) 16,600 (57.3) 

No 41,633 (40.3) 9,880 (40.1) 9,134 (40.9) 10,256 (37.5) 12,363 (42.7) 
 Hand sanitation Yes 68,435 (66.2) 14,550 (59.0) 14,696 (65.8) 19,034 (69.6) 20,155 (69.6) 

No 34,877 (33.8) 10,101 (41.0) 7,654 (34.2) 8,314 (30.4) 8,808 (30.4) 
 Handwashing Yes 57,316 (55.5) 13,551 (55.0) 11,962 (53.5) 15,986 (58.5) 15,817 (54.6) 

No 45,996 (44.5) 11,100 (45.0) 10,388 (46.5) 11,362 (41.5) 13,146 (45.4) 
 Gargling Yes 47,298 (45.8) 10,859 (44.0) 10,736 (48.0) 12,373 (45.2) 13,330 (46.0) 

No 56,014 (54.2) 13,792 (56.0) 11,614 (52.0) 14,975 (54.8) 15,633 (54.0) 
 Respiratory hygiene Yes 75,845 (73.4) 16,817 (68.2) 15,810 (70.7) 20,967 (76.7) 22,250 (76.8) 

No 27,467 (26.6) 7,834 (31.8) 6,540 (29.3) 6,381 (23.3) 6,713 (23.2) 
 Avoiding touching  
 face 

Yes 45,945 (44.5) 10,633 (43.1) 9,707 (43.4) 12,451 (45.5) 13,154 (45.4) 
No 57,367 (55.5) 14,018 (56.9) 12,643 (56.6) 14,897 (54.5) 15,809 (54.6) 

 Surface sanitation Yes 21,378 (20.7) 5,101 (20.7) 4,880 (21.8) 5,648 (20.6) 5,748 (19.8) 
No 81,935 (79.)3 19,550 (79.3) 17,470 (78.2) 21,700 (79.4) 23,215 (80.2) 

 Avoiding travel Yes 74,478 (72.1) 17,323 (70.3) 16,542 (74.0) 20,571 (75.2) 20,042 ()69.2 
No 28,834 (27.9) 7,328 (29.7) 5,808 (26.0) 6,777 (24.8) 8,921 (30.8) 

 Avoiding going out Yes 58,274 (56.4) 14,648 (59.4) 12,839 (57.4) 15,726 (57.5) 15,061 (52.0) 
No 45,038 (43.6) 10,003 (40.6) 9,511 (42.6) 11,622 (42.5) 13,902 (48.0) 

 Avoiding talking  
 closely 

Yes 43,499 (42.1) 9,796 (39.7) 9,160 (41.0) 12,266 (44.8) 12,277 (42.4) 
No 59,813 (57.9) 14,855 (60.3) 13,190 (59.0) 15,082 (55.2) 16,686 (57.6) 

 Avoiding meeting  
 persons at high risk 

Yes 61,173 (59.2) 14,402 (58.4) 12,339 (55.2) 17,405 (63.6) 17,028 (58.8) 
No 42,139 (40.8) 10,249 (41.6) 10,011 (44.8) 9,943 ()36.4 11,935 (41.2) 

*Values are no. (%) of responses to questionnaires. JACSIS, Japan COVID-19 and Society Internet Survey (2020, 2021); JASTIS, Japan Society and 
New Tobacco Internet Survey (2021, 2022). 
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fluctuations. We reported the characteristics of par-
ticipants who complied with each preventive behav-
ior (Appendix Table 4) and estimated the associations 
among participant characteristics and each preven-
tive behavior by using a multivariable regression 
model (Table 3; Appendix Tables 5–7). Compliance 
with most preventive behaviors did not significant-
ly decrease among the survey waves, except for the 
surface sanitation and avoiding going out behaviors. 
Ventilation compliance decreased by 13.4% (95% CI 
−14.4% to −12.3%) for JASTIS (winter season). For all 
preventive behaviors, compliance was significantly 
higher among women than men. Older age, higher 
education, and higher income (i.e., incremental in-
creases of each variable) were associated with greater 
compliance with most preventive behaviors. Compli-
ance with COVID-19 preventive behaviors differed 
according to population density of residential prefec-
tures; however, the direction of associations differed 
depending on the preventive behavior.

We determined that the number of latent classes 
was 4 according to the scree plot, distribution of class 
allocation, and interpretability (Appendix Figure 3). 
We evaluated the distribution of compliance with 
each preventive behavior for the 4 identified classes 
(Figure 2; Appendix Table 8). Class 1 was low com-
pliance, which was characterized by lower than aver-
age compliance with all preventive behaviors. Class 

2 was personal hygiene, which was characterized by 
higher than average compliance with personal hy-
giene measures, such as hand sanitation or respirato-
ry hygiene, and lower than average compliance with 
the other measures. Class 3 was avoiding social con-
tact, which was characterized by higher than average 
compliance with measures related to social contacts, 
such as avoiding travel or avoiding crowds, whereas 
compliance with other measures was similar to the 
overall average. Class 4 was comprehensive, which 
was characterized by higher than average compli-
ance with all measures within the other classes. The 
percentage of persons in the low compliance class 
decreased over time, whereas the percentage in the 
personal hygiene class increased (Figure 3). We cate-
gorized the characteristics of the participants belong-
ing to each latent class (Appendix Table 9). Using the 
multinomial logistic regression model, we estimated 
associations between participant characteristics and 
latent classes by determining percentage differences 
and odds ratios (Table 4, https://wwwnc.cdc.gov/
EID/article/29/9/22-1754-T4.htm; Appendix Table 
10). The percentage of persons in the low compliance 
class significantly decreased (−2.8% [95% CI −3.3% to 
−2.3%] per wave; p<0.001) with each survey wave, 
whereas those in the personal hygiene class signifi-
cantly increased (2.6% [95% CI 2.1%–3.0%] per wave; 
p<0.001). Women were less likely to belong to the low 

 
Table 2. Sociodemographic characteristics of participants in each survey in study of compliance trajectory and patterns of COVID-19 
preventive measures, Japan, 2020–2022* 

Characteristics 
Surveys 

All responses JACSIS2020 JASTIS2021 JACSIS2021 JASTIS2022 
No. responses 103,312 24,651 22,350 27,348 28,963 
Sex 
 M 51,540 (49.9) 12,422 (50.4) 11,467 (51.3) 13,473 (49.3) 14,179 (49.0) 
 F 51,772 (50.1) 12,229 (49.6) 10,882 (48.7) 13,875 (50.7) 14,784 (51.0) 
Age, y 
 20–29 15,650 (15.1) 3,323 (13.5) 2,816 (12.6) 3,544 (13.0) 5,967 (20.6) 
 30–39 15,158 (14.7) 3,794 (15.4) 3,208 (14.4) 4,165 (15.2) 3,990 (13.8) 
 40–49 20,151 (19.5) 4,954 (20.1) 4,467 (20.0) 5,446 (19.9) 5,284 (18.2) 
 50–59 17,928 (17.3) 4,283 (17.4) 4,245 (19.0) 4,794 ()17.5 4,606 (15.9) 
 60–69 18,033 (17.5) 4,290 (17.4) 4,185 (18.7) 4,844 (17.7) 4,715 (16.3) 
 70–79 16,392 (15.9) 4,007 (16.2) 3,429 (15.3) 4,555 (16.7) 4,401 (15.2) 
Education 
 Junior high school, high school 50,397 (48.8) 11,639 (47.2) 11,026 (49.4) 13,602 (49.7) 14,130 (48.8) 
 Vocational school, junior college 20,820 (20.2) 4,962 (20.1) 4,365 (19.5) 5,576 (20.4) 5,917 (20.4) 
 University, graduate school 31,341 (30.3) 7,908 (32.1) 6,887 (30.8) 7,930 (29.0) 8,617 (29.8) 
 Other 754 (0.7) 142 (0.6) 72 (0.3) 240 (0.9) 299 (1.0) 
Equivalent income, million JPY 
 <2.00 18,261 (17.7) 4,388 (17.8) 3,994 (17.9) 4,743 (17.3) 5,136 (17.7) 
 2.00–3.99 37,976 (36.8) 9,235 (37.5) 8,422 (37.7) 9,953 (36.4) 10,366 (35.8) 
 4.00–5.99 14,305 (13.8) 3,183 (12.9) 3,103 (13.9) 3,894 (14.2) 4,125 (14.2) 
 >6.00 9,741 (9.4) 2,673 (10.8) 2,036 (9.1) 2,428 (8.9) 2,604 (9.0) 
 Not answered 23,029 (22.3) 5,172 (21.0) 4,795 (21.5) 6,330 (23.2) 6,732 (23.3) 
Population density of residential prefecture 
 High, top 20% 30,580 (29.6) 7,413 (30.1) 6,422 (28.7) 8,296 (30.3) 8,448 (29.2) 
 Low, <80% 72,732 (70.4) 17,238 (69.9) 15,928 (71.3) 19,052 (69.7) 20,515 (70.8) 
*Values are no. (%) of responses to questionnaires. JACSIS, Japan COVID-19 and Society Internet Survey (2020, 2021); JASTIS, Japan Society and 
New Tobacco Internet Survey (2021, 2022); JPY, Japanese yen. 
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compliance class than men (−15.8% [95% CI −17.0% 
to −14.7%]). Furthermore, younger participants tend-
ed to belong to the low compliance or personal hy-
giene class, whereas those who were older tended to 
be categorized into the avoiding social contact class. 
In addition, those with lower education tended to 
be allocated to the low compliance class; those with 
higher education tended to belong to the comprehen-
sive class. Participants with lower income tended to 
be allocated to the low compliance or avoiding so-
cial contact class, whereas those with higher income 
tended to be categorized into the personal hygiene or 
comprehensive class. Participants who lived in high-
ly populated prefectures were less likely to belong to 
the avoiding social contact class and more likely to be 
in the comprehensive class.

For participants who completed the 4 survey 
waves (n = 11,804), we used a Sankey diagram to 
compare patterns of the 4 latent classes among the 4 
survey waves (Figure 4). Although most preventive 
behavior patterns were consistent, some changed 
among the 4 survey periods. We observed a large 
influx of participants into the personal hygiene class 
from the low compliance and avoiding social contact 
classes over time.

Discussion
Our results show that compliance with most  
COVID-19 preventive behaviors included in this 
study either increased or remained stable over the 4 
survey waves; however, compliance with surface san-
itation and avoiding going out behaviors decreased. 

Figure 1. Transition of 
compliance with COVID-19 
preventive behaviors over 
time in study of compliance 
trajectory and patterns of 
COVID-19 preventive measures, 
Japan, 2020–2022. Four 
surveys were conducted during 
August 25–September 30, 
2020 (JACSIS2020); February 
8–26, 2021 (JASTIS2021); 
September 27–October 29, 2021 
(JACSIS2021); and February 
1–28, 2022 (JASTIS2022). 
Percentages of responses 
from study participants indicate 
compliance with behaviors related 
to 3 behavioral areas: A) 3 Cs, a 
government of Japan campaign 
mandating the public to avoid 
closed spaces, crowded places, 
and close-contact settings to 
prevent COVID-19; B) personal 
hygiene; and C) avoiding social 
contact. Number of questionnaire 
responses was 103,312 from a 
total of 41,510 study participants. 
Values above bars indicate 
specific percentages. JACSIS, 
Japan COVID-19 and Society 
Internet Survey; JASTIS, Japan 
Society and New Tobacco 
Internet Survey.
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Compliance with ventilation substantially decreased 
during the winter seasons. Female sex, older age, 
higher education, and higher equivalent income were 
positively associated with compliance with most pre-
ventive behaviors. The percentage of persons in the 
low compliance class decreased over time and in-
creased in the personal hygiene class, which could be 
partially attributed to the change in the overall pat-
tern toward personal hygiene compliance.

Previous studies reported changes in compliance 
with COVID-19 preventive behaviors. A 1-year fol-
low-up study conducted in the United States report-
ed that compliance with mask wearing continuously 
increased from April 2020 to April 2021; however, 
compliance with physical distancing and reduced 
movement was stable or decreased slightly over time 
(9). Another study also reported that compliance with 
mask wearing increased over time, and compliance 
with physical distancing decreased (10). Similarly, 
our study showed increased compliance with mask 
wearing; however, although compliance with the 
avoiding going out behavior decreased, compliance 
with social distancing increased over time. This result 
could be because of changes in Japan’s policy that 
relaxed social distancing rules and promoted travel 
and going out (22). Previous studies have mainly in-
vestigated changes in preventive behaviors related to 
COVID-19 prevention guidelines (e.g., mask wearing 

and physical distancing) within a relatively short pe-
riod (<1 year). We studied changes in other preven-
tive behaviors over a 2-year follow-up period, espe-
cially noting the seasonal fluctuation of compliance 
with ventilation and decreased compliance with sur-
face sanitation, avoiding travel, and avoiding going 
out behaviors.

We showed that women, older and more educat-
ed participants, and those with higher income were 
highly compliant with most preventive behaviors. A 
previous study also reported that compliance with 
COVID-19 preventive behaviors was higher among 
women than men (23). Our study showed a large gap 
in compliance behaviors between men and women. 
Social desirability bias might have been responsible 
for those results because compliance was self-report-
ed. However, a previous study suggested that higher 
self-reported compliance with preventive behaviors 
reflects actual compliance and is less affected by so-
cial desirability bias because of a participant’s sex 
(23). The tendency of older adults to comply with 
preventive behaviors has also been reported (24). 
Furthermore, socioeconomic disparities have been re-
ported to affect compliance with COVID-19 preven-
tive behaviors, and persons with higher education or 
income were more compliant with those behaviors 
(24,25). Our results also showed that persons with 
higher education or income were more compliant  

 
Table 3. Trends in associations between preventive behaviors and participant characteristics (n = 82,201 responses) in study of 
compliance trajectory and patterns of COVID-19 preventive measures, Japan, 2020–2022* 

Preventive behavior Per wave† JASTIS‡  Women§  Older age¶ Higher education#  
Higher equivalent 

income** 
High population 

density††  
Mask wearing + – + + + + NS + NS 
Ventilation NS – – – + + + + + NS + 
Social distancing + − + + + + NS + 
Avoiding crowds NS − + + + + + NS + 
Hand sanitation + NS + + + NS NS + NS 
Hand washing + – + + + NS NS + NS 
Gargling NS + + + NS + NS + + 
Respiratory hygiene + – + + + NS + + – 
Avoiding touching face + NS + + + + + + + 
Surface sanitation – + + + – NS + NS 
Avoiding travel NS NS + + + + – – – 
Avoiding going out – – + + + + + – – 
Avoiding talking closely + – + + + + NS + 
Avoiding high-risk person + – + + + + NS NS NS 
*p value for trend was <0.05. +, 0%–5% difference; + +, >5%–10% difference; + + +, >10% difference; –, indicates >–5% to 0% difference; – –, indicates –
10% to –5% difference; – – –, indicates <–10% difference. Differences were estimated by increments within each category. JACSIS, Japan COVID-19 
and Society Internet Survey; JASTIS, Japan Society and New Tobacco Internet Survey; NS, not significant. 
†Surveys were conducted in 4 waves: August 25–September 30, 2020 (JACSIS2020); February 8–26, 2021 (JASTIS2021); September 27–October 29, 
2021 (JACSIS2021); and February 1–28, 2022 (JASTIS2022). 
‡Referent was JACSIS. 
§Referent was men. 
¶Age was treated as a continuous variable (i.e., 20–29 y = 1, 30–39 y = 2, 40–49 y = 3, 50–59 y = 4, 60–69 = 5, 70–79 = 6); associations were estimated 
according to an incremental increase in age. 
#Participants who answered as other for education were excluded. Education was treated as a continuous variable (i.e., junior high school, high school = 
1, vocational school, junior college = 2, university, graduate school = 3); associations were estimated according to an incremental increase in education level. 
**Participants who did not answer income question were excluded. Equivalent income (million yen) was treated as a continuous variable (i.e., <2.00 = 1, 
2.00–3.99 = 2, 4.00–5.99 = 3, >6.00 = 4); associations were estimated according to an incremental increase in income. 
††Top 20% of residential prefecture population density. Referent was low (<80%) density. 

 



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 9, September 2023 1753

COVID-19 Preventive Measures, Japan, 2020–2022

with all preventive behaviors except for avoiding 
travel and avoiding going out behaviors. 

Our results revealed differences in compliance 
with COVID-19 preventive behaviors according to 
sociodemographic status, including sex, age, educa-
tion, and income level. Although the government of 
Japan emphasized the importance of NPIs in pre-
venting COVID-19 through various media sources, 
such important information might not have reached 
specific groups, including those with low socioeco-
nomic status. The source of information related to 
COVID-19 affects preventive behavior compliance in 
Japan (11). For risk communications during a health 
crisis, the sociodemographic features of groups for 
which the government attempts to provide essential 
information should be considered (26). In addition, 
during the initial waves of the COVID-19 pandemic, 
a severe shortage of surgical and N95 masks existed 
even in clinical settings (27,28); therefore, low-income 
persons would have had difficulty preparing suf-
ficient masks because of the mask shortage and in-
creased cost from reselling. Although the government 
of Japan provided all citizens with 1 supply of cloth 
masks (29), the distribution and cost of surgical and 
N95 masks should have been controlled to increase 
affordability and availability for citizens.

To determine patterns of compliance with mul-
tiple preventive behaviors, we identified 4 latent 
classes on the basis of compliance with each of the 
14 preventive behaviors. A previous cross-section-
al study identified similar compliance patterns for  

COVID-19 prevention (14). Although that study only 
considered 6 preventive behaviors, the authors iden-
tified a group with low compliance and 1 with high 
compliance with all preventive behaviors. Moreover, 
similar to the findings in our study, participants in 
that study who were included in the low compli-
ance group were predominantly younger, male, and  
less educated (14).

Our study results suggested that the percentage 
of persons in the low compliance class decreased over 
time, but the percentage of persons in the personal hy-
giene class increased. A study in the United Kingdom 
reported that compliance with COVID-19 prevention 
guidelines decreased slightly during 1 year (30). Al-
though relaxation of mask-wearing rules for vacci-
nated persons occurred in other countries, including 
the United States (31), the government of Japan did 
not relax compliance with any preventive behaviors, 
except for traveling and going out (22). Therefore, 
compliance with the preventive behaviors showed a 
continuous increase over time in Japan. Moreover, we 
observed an increased percentage of persons in the 
personal hygiene class and an influx from the avoid-
ing social contact class to the personal hygiene class. 
This influx also reflects relaxation of the avoiding so-
cial contact policy for COVID-19 prevention (22).

The first limitation of our study is possible infor-
mation bias. Compliance with COVID-19 preventive 
behaviors was self-reported, and misclassification of 
responses might have affected our results to some ex-
tent. However, as previously described, self-reported 

Figure 2. Compliance with each preventive behavior according to 4 latent classes in study of compliance trajectory and patterns of 
COVID-19 preventive measures, Japan, 2020–2022. Percentage of responses to questions regarding each behavior is shown; 3 Cs is 
a government of Japan campaign mandating the public to avoid closed spaces, crowded places, and close-contact settings to prevent 
COVID-19. Values above bars indicate specific percentages.
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compliance is less affected by social desirability bias in 
both sexes (23). In addition, a study using an Internet 
survey reported that ≈50% of persons did not tell others 
about their actual compliance with COVID-19 preven-
tive behaviors (32). The high level of anonymity of that 
survey method helped identify actual compliance with 
preventive behaviors. Therefore, our Internet survey 
also likely obtained more correct answers from partici-
pants than an interview-based survey. A future study 
using objective measurements for preventive behavior 
compliance, such as tracking mobile phones, might 
decrease potential information bias (33). The second 
limitation is selection bias. We recruited participants 
from the registry of an Internet survey company, and 
the distribution of characteristics was different from 
that of the general population in Japan. We calculated 
a sampling weight by using a representative sample 
of the population in Japan for analysis in this study; 
therefore, the representativeness of our results was im-
proved. Furthermore, although some participants did 
not participate in all 4 survey waves, we could partial-
ly eliminate the bias caused by dropout by applying a 
sampling weight for all 4 waves.

COVID-19 prevention policies varied among na-
tions (34), and the magnitude of associations among 
sociodemographic characteristics and preventive 
behavior compliance also differed among them (24). 
Therefore, caution should be exercised when gener-
alizing the results of this study to countries outside 
of Japan.

In conclusion, we conducted a longitudinal fol-
low-up study by using 4 multiple-panel surveys over 

a 2-year period and showed that compliance with 
most of the 14 NPI-related COVID-19 preventive be-
haviors increased or remained stable over time, except 
for surface sanitation and avoiding going out behav-
iors; compliance with ventilation decreased during 
the winter season. Moreover, latent class analysis sug-
gested that compliance patterns changed; the number 

Figure 3. Percentage of persons belonging to each of 4 latent 
classes according to survey waves (n = 103,312 responses) 
in study of compliance trajectory and patterns of COVID-19 
preventive measures, Japan, 2020–2022. Four surveys were 
conducted during August 25–September 30, 2020 (JACSIS2020); 
February 8–26, 2021 (JASTIS2021); September 27–October 29, 
2021 (JACSIS2021); and February 1–28, 2022 (JASTIS2022). 
Values within bar sections indicate specific percentages. JACSIS, 
Japan COVID-19 and Society Internet Survey; JASTIS, Japan 
Society and New Tobacco Internet Survey.

Figure 4. Compliance patterns 
for survey participants who 
responded to all 4 surveys waves 
(11,804 participants) in study 
of compliance trajectory and 
patterns of COVID-19 preventive 
measures, Japan, 2020–2022. 
Four surveys were conducted 
during August 25–September 30, 
2020 (JACSIS2020); February 
8–26, 2021 (JASTIS2021); 
September 27–October 29, 2021 
(JACSIS2021); and February 1–28, 
2022 (JASTIS2022). The Sankey 
plot shows compliance patterns 
of persons in 4 latent classes for 
each survey wave. JACSIS, Japan 
COVID-19 and Society Internet 
Survey; JASTIS, Japan Society 
and New Tobacco Internet Survey.
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of persons in the low compliance class decreased over 
time, whereas the number of persons in the personal 
hygiene class increased. Overall, compliance with NPI-
related COVID-19 preventive behaviors in Japan has 
increased, which can be partially attributed to changes 
in compliance patterns among persons. Changes in 
compliance with NPI-related preventive behaviors in 
Japan might be because persons prefer to comply with 
personal hygiene measures under the relaxed mobility 
restriction policy during the ongoing COVID-19 pan-
demic. From a public health perspective, policymakers 
should anticipate potential changes in preventive be-
havior patterns caused by new policy introduction to 
improve strategies for future prevention of COVID-19 
and other public health threats.
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The Delta variant of SARS-CoV-2, first identified in 
India in October 2020 (1), became the dominant 

variant in >130 countries worldwide during June–No-
vember 2021 (2). Global vaccination coverage during 
that time remained low; <50% of the world’s popula-
tion had received >1 dose and <25% had completed a 
primary vaccination series (3). Despite the increased 
transmissibility of Delta compared with previous 
variants, countries experienced varying levels of ill-
ness and death (4).

With each new wave of COVID-19, governments’ 
responses varied depending on the understanding of 

SARS-CoV-2, variant characteristics, and societal fac-
tors such as healthcare system capacity, vaccination 
coverage, and the public’s willingness to follow pub-
lic health mitigation measures. Policies ranged from 
flattening the curve (i.e., slowing down infection rates 
to alleviate pressure on healthcare systems) to zero-
COVID policies that aimed to completely prevent in-
fections in the community (5–7).

As the COVID-19 pandemic continues and new 
variants emerge (8), governments are working to 
identify and implement a combination of effective 
yet socially and economically acceptable measures. 
For example, previous works showed the effective-
ness of nonpharmaceutical interventions (e.g., re-
mote work, mask-wearing in indoor public spaces) 
in reducing case rates and death rates (9–11). In 
addition, 1 study showed that fewer deaths were 
reported in countries with earlier and more strin-
gent mitigation policies, such as business closures, 
restrictions on public gatherings, and stay-at-home 
orders (12). Some countries employing zero-COVID 
policies experienced rising cases and deaths during 
the initial Omicron period and beyond (13). The ben-
efits and social acceptability of prolonged lockdowns 
and mass testing policies to prevent new cases and 
deaths remain unclear (14).

We aimed to describe the epidemiology during 
the pre-Delta and Delta wave periods of the COVID-19 
pandemic among high-income countries (HICs) and 
characterize the relationship between public health 
policies and epidemiologic burden. Specifically, we 
assessed the degree to which key measures of illness 
and death (case rate, death rate, and case-fatality rate) 
were correlated with vaccination coverage, testing 
volume, mitigation stringency, population density, 
and demographics.
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The SARS-CoV-2 Delta variant, first identified in Octo-
ber 2020, quickly became the dominant variant world-
wide. We used publicly available data to explore the 
relationship between illness and death (peak case 
rates, death rates, case-fatality rates) and selected 
predictors (percentage vaccinated, percentage of the 
population >65 years, population density, testing vol-
ume, index of mitigation policies) in 45 high-income 
countries during the Delta wave using rank-order 
correlation and ordinal regression. During the Delta-
dominant period, most countries reported higher peak 
case rates (57%) and lower peak case-fatality rates 
(98%). Higher vaccination coverage was protective 
against peak case rates (odds ratio 0.95, 95% CI 
0.91–0.99) and against peak death rates (odds ratio 
0.96, 95% CI 0.91–0.99). Vaccination coverage was 
vital to preventing infection and death from COVID-19 
during the Delta wave. As new variants emerge, pub-
lic health authorities should encourage the uptake of 
COVID-19 vaccination and boosters.
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Methods

Inclusion Criteria
We restricted our analysis to HICs because more ac-
cessible testing in those countries likely provides a 
more accurate assessment of the case and death bur-
dens (15,16). We included HICs that reported >200 
SARS-CoV-2 sequences during the full period of 
interest (April 1, 2020–November 30, 2021) and >20 
Delta sequences in the first month of Delta domi-
nance. The cutoff of 200 sequences was chosen to 
ensure adequate reflection of variant burden. In Au-
gust 2021, the World Health Organization (WHO) 
recommended a minimum of 15 specimens per week 
(1); 200 sequences would provide >3 months’ worth 
of data. We chose 20 Delta sequences as a minimum 
to prevent the overrepresentation of a few sequences 
during weeks that had slower reporting. We defined 
Delta dominance as the time during which >50% of 
sequenced samples were Delta.

Data Sources
We obtained data for this study from 4 publicly 
available sources. First, we used World Bank coun-
try income classifications for 2020 (17) to select 
HICs. This classification is updated annually on 
July 1 on the basis of the gross national income per 
capita data from the previous calendar year. Second, 
information about when the Delta variant became 
dominant in each country was gleaned from SARS-
CoV-2 genomic sequences published in the GISAID 
(18) and GenBank (19) databases. Last, we used Our 
World in Data (OWID) (15,20) to obtain data on  

confirmed cases, deaths, percentage of the popula-
tion fully vaccinated, percentage of the population 
>65 years of age, population density, SARS-CoV-2 
testing volume, and stringency (a composite index of 
9 mitigation policies and strategies). OWID compiles 
data from Johns Hopkins University, World Bank, 
national government reports, and Oxford Univer-
sity. Data were reported daily (confirmed cases and 
deaths, stringency index), every weekday (vaccina-
tions), weekly (testing), or annually (population >65 
years of age, population density) during the period 
of interest.

Data Management
We downloaded sequence data from GISAID and Gen-
Bank, aggregated at the country-level, and removed 
duplicate sequences that were in both databases. Then, 
for each country, we calculated the weekly proportions 
of Delta variant sequences during the period of inter-
est, April 1, 2020–November 30, 2021.

To enable easy comparisons between the periods 
before and after the emergence of the Delta variant, 
we defined the Delta dominance date as the Monday 
of the first week in which >50% of sequenced sam-
ples were Delta. We defined the pre-Delta period as 
April 1, 2020, to the Delta dominance date and the 
Delta dominance period as the Delta dominance date 
through November 30, 2021. 

Outcome and Predictor Variables
We used measures of illness and death as outcomes. 
For the pre-Delta and Delta dominance periods, we 
calculated the peak 7-day rolling averages for case 

Figure 1. Example of 
COVID-19 outcomes during 
pre-Delta variant (A) and 
Delta dominance (B) periods. 
Ratio of Delta-dominant 
period to pre-Delta period is 
shown for peak case rate, 
peak death rate, and peak 
case-fatality rate.
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rates, death rates, and case-fatality rates (CFRs) 
per million persons. We chose the 7-day peak roll-
ing average to indicate the intensity of the outbreak 
while also minimizing the effect of bulk data up-
loads. CFRs used a 14-day lag between daily new 
cases and daily new deaths (21) and was calculated 
as a ratio of reported deaths to reported cases. Death 
rates and CFRs offer different types of information 
about deaths: death rates account for the probability 
of death in an entire population, whereas CFRs only 
measure the probability of death among those with 
the disease. Adherence to case and death reporting 
might vary by country. To standardize outcomes 
across countries, we calculated a Delta dominance to 
pre-Delta ratio (DD:PD) for each outcome. We calcu-
lated 3 outcomes of interest as a 7-day rolling aver-
age: peak case rate DD:PD, peak death rate DD:PD, 
and peak CFR DD:PD.

We classified outcome variables into quartiles to 
enable easier interpretation and statistical evaluation 
of small datasets. For example, the outcome variable 
peak case rate DD:PD predictor variables included 
the percent of the total population fully vaccinated 

with a primary series at the date of Delta dominance, 
the percentage of the population >65 years of age, and 
population density (persons/km2). We also included 
the median 7-day rolling average daily testing vol-
ume DD:PD (comparing the period of Delta predomi-
nance to the pre-Delta period, as described). Last, we 
calculated the median stringency index DD:PD. The 
stringency index, as defined by other scholars (22), 
ranges from 0–100 (100 = strictest) and increases over 
time if more stringent mitigation policies are imple-
mented or decreases if policies are rescinded (23).

Statistical Analysis
We managed and analyzed data using SPSS Statis-
tics 1.0.0.1406 (IBM Corp., https://www.ibm.com) 
and RStudio 1.4.1717 (PBC, https://posit.co/blog/
rstudio-pbc). To characterize the speed at which 
Delta supplanted previous variants, we calculated 
the number of days from the date of the first Delta 
sequence collection to the date of Delta dominance 
and from the start of Delta dominance to peak case 
and death rates (Figure 1). We calculated descriptive 
statistics (range, mean, median, peak, quartiles) for all 

Figure 2. Number of days from 
SARS-CoV-2 Delta variant 
dominance to peak case rates 
(A) and peak death rates (B) 
in 45 high-income countries, 
December 2020–November 
2021. Each dot represents an 
individual high-income country. 
The Delta dominance date for 
each country was defined as the 
Monday of the first week in which 
>50% of sequenced samples in 
GISAID (https://www.gisaid.org) 
were Delta.
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measures of illness and death and predictor variables 
during the pre-Delta and Delta dominance periods.

We used Spearman rank-order correlation to as-
sess the strength and direction of the association be-
tween quartile outcomes with predictor variables. For 
bivariate correlations with p values <0.25, we further 
assessed relationships between outcomes and predic-
tors in multivariable ordinal regression models. Each 

of the outcomes were modeled separately. We ex-
plored all possible combinations of predictor variables 
meeting the above criteria and selected the model with 
the lowest Akaike Information Criterion score as the 
best model. We evaluated multicollinearity among the 
predictor variables using a Condition Index cutoff of 
<15. This activity was reviewed by Centers for Dis-
ease Control and Prevention and conducted consistent 

Figure 3. Countries with 
increased peak COVID-19  
case rates during Delta 
dominance period compared 
with pre-Delta period in study 
of COVID-19 epidemiology 
in 45 high-income countries, 
December 2020–November 
2021. Each data line represents 
1 country (n = 26 countries).

Figure 4. Countries with 
increased peak COVID-19  
death rates during Delta 
dominance period compared 
with pre-Delta period in study 
of COVID-19 epidemiology 
in 45 high-income countries, 
December 2020–November 
2021. Each data line represents 
1 country (n = 11 countries).
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with applicable federal law and CDC policy (see, e.g., 
45 C.F.R. part 46.102(l) (2), 21 C.F.R. part 56; 42 U.S.C. 
§241(d); 5 U.S.C. §552a; 44 U.S.C. §3501 et seq.).

Results

Descriptive Analysis
Among 79 HICs, 45 met the inclusion criteria. The 
first Delta sequence collection dates ranged from De-
cember 28, 2020, to July 26, 2021; more than half (n = 
25, 55%) of the countries reported a Delta sequence 
by the end of March 2021. The median time between 
the first Delta sequence collected to the start of the 
Delta dominance period was 77 days (interquartile 
range [IQR] 49–140). The median time from the start 
of the Delta dominance period to the peak case rates 
was 144 (IQR 65–155) days and to the peak death rate 
was 141 (IQR 70–155) days (Figure 2). Weekly case 
incidence during the Delta dominance period var-
ied by country and WHO region (Appendix Figure, 
https://wwwnc.cdc.gov/EID/article/29/9/23-
0142-App1.pdf). Average peak case rates ranged 
from 180 in the WHO Western Pacific region to 1,699 
in the African region.

Most countries (57%, n = 26) reported higher 
peak case rates (Figure 3) but lower peak CFRs 
(98%, n = 44) and peak death rates (75%, n = 34) 
(Figure 4) during the Delta dominance period than 
during the pre-Delta period. Ten (22%) countries 

reported both higher peak case rates and death 
rates during the Delta dominance period than dur-
ing the pre-Delta period.

Vaccination coverage with a primary series at the 
start date of Delta dominance ranged from 1% to 72% 
in 44 of 45 countries for which data were available (Ta-
ble 1). The percentage of the population >65 years of 
age averaged 15.7% (IQR 13.9%–19.5%) in 44 countries 
for which data were available. Most countries (84%, n 
= 38) had a lower stringency index during the Delta 
dominance period than during the pre-Delta period.

Peak Case Rate DD:PD Ratio
Higher vaccination coverage was protective against 
higher case rates; that is, vaccination resulted in 
lower peak case rate DD:PD ratios (Spearman rank 
correlation coefficient [ρ] = −0.36; p = 0.018) (Table 2). 
The same association was held in the ordinal regres-
sion model (odds ratio [OR] 0.95, 95% CI 0.91–0.99; 
p = 0.01) (Tables 3, 4). There was a positive correla-
tion between median daily testing volume and peak 
case rate DD:PD ratios (Spearman ρ = 0.30; p = 0.048) 
(Table 2), although that relationship did not hold in 
the ordinal regression models (Table 4).

Peak Death Rate DD:PD Ratio
A higher percentage of the population being persons 
>65 years of age was protective against death rates 
(peak death rate DD:PD ratios), both in bivariate 

 
Table 1. Descriptive statistics for COVID-19 outcomes and predictor variables in Delta dominance period and pre-Delta period for 45 
high-income countries, December 2020–November 2021* 
Outcome variables: peak rate ratios† Min Mean Median Peak IQR 
 Cases 0.06 1.4 1.2 4.2 0.65–1.91 
 Deaths 0.05 2.9 0.49 99 0.25–0.93 
 CFR 0.00 0.21 0.08 2.3 0.02–0.27 
Predictor variables 
 % Vaccination coverage‡ 1.0 32 31 72 24–37 
 % Population >65 y of age 1.1 16 18 27 14–20 
 Population density, persons/km2 3.2 544 123 7,916 36–237 
 Median stringency index† 0.5 0.86 0.78 3.5 0.67–0.90 
 Median daily testing volume† 0.6 2.3 1.7 19.2 1.2–2.4 
*CFR, case-fatality rate; IQR, interquartile range. 
†Delta dominance (DD) period to pre-Delta period ratio. 
‡Indicates persons with primary vaccine series at date of Delta predominance. 

 

 
Table 2. Spearman rank-order correlations in study of COVID-19 epidemiology in Delta variant dominance period in 45 high-income 
countries, December 2020–November 2021* 

Predictor variables 

Peak Rate Ratio† 
Cases 

 
Deaths 

 
CFR 

 p value  p value  p value 
% Vaccination coverage‡ −0.36 0.018  −0.21 0.17  −0.09 0.58 
% Population >65 y of age 0.04 0.82  −0.31 0.039  −0.48 0.001 
Population density, persons/km2 −0.05 0.75  −0.12 0.45  0.05 0.76 
Median stringency index† 0.04 0.78  0.07 0.63  −0.14 0.35 
Median daily testing volume† 0.30 0.048  0.24 0.12  0.18 0.24 
*Bold indicates statistical significance (p<0.05). CFR, case-fatality rate; , Spearman rank correlation coefficient.  
†Delta dominance period to pre-Delta period ratio. 
‡Indicates persons with primary series at date of Delta predominance.  
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comparisons (Spearman ρ = −0.31; p = 0.039) (Table 
2) and in the regression models (OR 0.88, 95% CI 
0.78–0.98; p = 0.02). In addition, higher vaccination 
coverage was associated with lower peak death rate 
DD:PD ratios (OR 0.96, 95% CI 0.92–0.99; p = 0.03) in 
the regression models.

Peak CFR DD:PD Ratio
A higher percentage of the population being persons 
>65 years of age was associated with lower CFRs 
(lower peak CFR DD:PD ratios, Spearman ρ = −0.48; p 
= 0.001) (Table 2). This association held in the ordinal 
regression model (OR 0.89, 95% CI 0.80–0.98; p = 0.01).

Discussion
Most HICs had higher case rates but lower death rates 
and CFRs during the Delta dominance period than in 
their pre-Delta periods. Achieving higher vaccination 
coverage appeared to be the main public health mea-
sure associated with a decrease in the intensity (peak) 
of COVID-19 cases and deaths. Each quartile increase 
in vaccination coverage resulted in a 5% reduction in 
peak case rates and a 4% reduction in peak death rates. 
Countries with a larger percentage of persons >65 
years of age had lower death rates and CFRs during 
the Delta dominance period, likely because of focused 
early vaccination activities in this age group and case 
management protocols prioritizing older populations 
for close observation and hospital admission (24,25).

Many HICs recorded increased case rates dur-
ing the Delta dominance period, but those increases 
did not often result in higher death rates than for the 

pre-Delta period. Previous studies reported mixed 
results on death rates during the period of Delta vari-
ant prevalence; 2 studies reported no differences in 
mortality rates (26) or in-hospital deaths (27), and 3 
studies indicated an increase in mortality rates (28; A. 
Kumar et. Al, unpub. Data, https://www.medrxiv.
org/content/10.1101/2021.09.23.21263948v1) and 
in-hospital deaths (R.S. Khedar et al., unpub. Data, 
https://www.medrxiv.org/content/10.1101/2021
.09.03.21263091v1). The lower death rates and CFRs 
among HICs in this study may be the result of ad-
vances in therapeutics, improvements in case man-
agement protocols, increased natural immunity from 
previous infection, and the availability of vaccines, 
rather than decreased virulence of the Delta variant 
virus (29–31). Among global studies from HICs, the 
early prioritization of vaccination in the elderly and 
achievement of high coverage appeared to protect 
older adults against death during the Delta domi-
nance period. Studies have shown that, during the 
Delta wave, vaccines were less effective against infec-
tion (32,33; R.S. Barlow et al., unpub. data, https://
www.medrxiv.org/content/10.1101/2021.08.30.212
62446v1) but highly protective against symptomatic 
disease (29,33), hospitalization (34), and death (33). 
This lack of protection against infection among vacci-
nated persons, combined with the increased transmis-
sibility of the Delta variant, likely contributed to an 
overall higher case burden during the Delta predomi-
nance period in HICs. Nevertheless, despite Delta’s 
high transmissibility, peak case and death rates oc-
curred in many countries >4 months after the date of 

 
Table 3. Ordinal regression results in study of COVID-19 epidemiology in Delta variant dominance period in 45 high-income countries, 
December 2020–November 2021* 
Model Peak rate ratio outcome† Predictor variable OR (95% CI) p value 
1 Cases % Vaccination coverage‡ 0.95 (0.91–0.99) 0.014 
2 Deaths % Vaccination coverage‡ 0.96 (0.92–0.99)§ 0.025 
  % Population >65 y of age 0.88 (0.78–0.98)§ 0.021 
3 CFR % Population >65 y of age 0.89 (0.80–0.98) 0.013 
*Bold indicates statistical significance (p<0.05). CFR, case-fatality rate; OR, odds ratio.  
†Delta dominance (DD) period: pre-Delta (PD) period ratio. 
‡Indicates persons with primary series at date of Delta predominance. 
§Values shown are adjusted OR (95% CI). 

 

 
Table 4. Heat map of bivariate analyses and ordinal regression model results in study of COVID-19 epidemiology in Delta variant 
dominance period in 45 high-income countries, December 2020–November 2021* 
 Peak rate ratio† 

Bivariate analysis  Ordinal regression results 
Predictor variables Cases Deaths CFR  Cases Deaths CFR 
% Vaccination coverage‡†        
% population >65 y of age        
Population density, persons/km2        
Median stringency index†        
Median daily testing volume†        
*Blue shading indicates negative (protective) association, yellow shading indicates positive association, and no shading indicates no significant 
association. CFR, case-fatality rate. 
†Delta dominance (DD) period: pre-Delta (PD) period ratio.  
‡Indicates persons with primary series at date of Delta predominance. 

 



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 9, September 2023 1763

COVID-19 Epidemiology during Delta Dominance Period

Delta’s dominance, which would have allowed time 
for strategies such as vaccination to be implemented 
and have an effect (35).

The first limitation of this study is that we used 
publicly available datasets, which might be affected 
by fluctuations in reporting, including reporting of 
at-home testing. Death rates might not be a robust 
indicator of severity in HICs. Hospitalization data 
might have provided another measure of illness se-
verity, but OWID hospitalization data were avail-
able for <50% of countries included in the study and 
had many reporting gaps. The goal of this study was 
to identify population-level associations between  
COVID-19 illness and death and disease control met-
rics; a priori testing of more specific hypotheses might 
be addressed in other assessments using different study 
designs (e.g., a community-wide, cluster-randomized 
trial that evaluated masking in Bangladesh [36]). This 
analysis was ecologic in nature, and therefore popu-
lation-level associations might not apply at the indi-
vidual level. We also focused on the outcomes of peak 
cases, deaths, and CFRs and therefore did not capture 
the total burden of cases and deaths. Finally, the va-
riety of COVID-19 vaccines available and changing 
recommendations on the number of doses for maximal 
effectiveness make it difficult to generalize the findings 
associated with vaccination coverage to all COVID-19 
variants and coverage effectiveness over time.

In conclusion, this characterization of epidemio-
logic outcomes in high-income countries during the 
Delta dominance period shows that many countries 
reported higher case rates but lower death and case 
fatality rates compared to the pre-Delta period; high-
er vaccination coverage and completion of a primary 
vaccination series were associated with lower case 
and death rates; and  >4 months elapsed between 
Delta introduction and peaks in case rates and death 
rates, which might have allowed time for mitigation 
strategies such as vaccination to be implemented 
and have an impact. These findings might be useful 
in informing public health authorities of the impor-
tance of achieving high vaccination coverage as the 
pandemic continues to evolve. The ability to continue 
implementing measures to combat COVID-19 might 
be limited by authorities’ willingness to implement 
stronger measures and the willingness of the public 
to comply. However, across multiple HICs, our find-
ings consistently indicate that higher vaccination cov-
erage can result in fewer cases and deaths.
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Invasive pneumococcal disease (IPD) occurs when 
Streptococcus pneumoniae infects a normally sterile 

site, such as blood or cerebrospinal fluid. Viral respi-
ratory tract infections caused by rhinovirus, respira-
tory syncytial virus, and influenza virus are known to 
predispose patients to secondary bacterial infections, 
including IPD (1,2). Bacterial infections in patients 
who have viral respiratory tract infections also have 

been associated with greater disease severity and in-
creased mortality rates (3–7).

Despite the widespread global circulation of 
SARS-CoV-2, a limited number of studies have ex-
amined IPD and SARS-CoV-2 co-infections. A meta-
analysis of case series reported that only 4% of pa-
tients who had COVID-19 had a bacterial co-infection 
and 14% had a bacterial secondary infection (8); no 
predominant bacterial pathogen was reported. Those 
bacterial infections occurred mainly among patients 
in intensive care units. Based on previous studies, 
only a small proportion of SARS-CoV-2 infections are 
accompanied by IPD (9,10); however, outcomes of 
such cases might be more severe (11). A recent nation-
al cohort study in England reported that, although 
substantial nationwide decreases were observed in 
IPD incidence during the COVID-19 pandemic, per-
sons who had IPD and SARS-CoV-2 co-infections had 
higher case-fatality rates than did patients who had 
IPD alone, particularly among older adults (12).

In the United States, Alaska has consistently had 
among the highest IPD rates in recent years, and a 
disproportionate burden occurs among Alaska Na-
tive persons (13–16). However, the possible interac-
tions between IPD and SARS-CoV-2 infections are 
unclear. We evaluated and compared the epidemiol-
ogy and clinical course of patients with IPD with and 
without temporally associated SARS-CoV-2 infection 
in Alaska during 2020–2021.

Methods

Data Sources
The Alaska Division of Public Health and the US Cen-
ters for Disease Control and Prevention Arctic Investi-
gations Program maintain statewide laboratory-based 
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Streptococcus pneumoniae can co-infect persons who 
have viral respiratory tract infections. However, research 
on S. pneumoniae infections that are temporally asso-
ciated with SARS-CoV-2 infections is limited. We de-
scribed the epidemiology and clinical course of patients 
who had invasive pneumococcal disease (IPD) and 
temporally associated SARS-CoV-2 infections in Alas-
ka, USA, during January 1, 2020–December 23, 2021. 
Of 271 patients who had laboratory-confirmed IPD, 55 
(20%) had a positive SARS-CoV-2 test result. We ob-
served no major differences in age, race, sex, or under-
lying medical conditions among IPD patients with and 
without SARS-CoV-2. However, a larger proportion of 
IPD patients with SARS-CoV-2 died (16%, n = 9) than for 
those with IPD alone (4%, n = 9) (p<0.01). IPD patients 
with SARS-CoV-2 were also more likely to be experienc-
ing homelessness (adjusted OR 3.5; 95% CI 1.7–7.5). 
Our study highlights the risk for dual infection and ongo-
ing benefits of pneumococcal and COVID-19 vaccina-
tion, especially among vulnerable populations.
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surveillance for invasive disease caused by S. pneu-
moniae. Data are collected regarding patient demo-
graphic characteristics, clinical syndrome, pneumococ-
cal vaccination, and illness outcomes through medical 
records. We included patients with IPD in Alaska dur-
ing January 1, 2020–December 23, 2021. SARS-CoV-2 
infection status was determined from nucleic acid am-
plification test and antigen test results reported to the 
Alaska Division of Public Health. COVID-19 testing 
procedures were based on State of Alaska COVID-19 
guidance, including testing all symptomatic persons, 
as well as any asymptomatic person at admission to a 
healthcare facility. We linked cases by unique patient 
identifiers. We excluded patients with IPD who had no 
SARS-CoV-2 testing performed within 30 days before 
or after their positive S. pneumoniae culture. COVID-19 
vaccination status was assigned through linkage with 
the immunization information system of Alaska.

Definitions
We defined a case of IPD as S. pneumoniae isolated 
from or bacterial DNA detected in a normally sterile 
site, including blood, cerebrospinal fluid, pleural flu-
id, peritoneal fluid, pericardial fluid, joint fluid, bone, 
or deep tissue, in an Alaska resident. We defined tem-
porally associated SARS-CoV-2 infection as a posi-
tive SARS-CoV-2 test result detected on a respiratory 
specimen collected within 30 days before or after the 
specimen collection date of the S. pneumoniae culture 
or positive DNA test result. We defined underlying 
medical conditions as those conditions specified at the 
time of IPD reporting that are established risk factors 
for IPD, including chronic lung disease, cardiovascu-
lar disease, immunosuppression, alcoholism, chronic 
renal disease, current smoking, or diabetes (17). We 
defined patients as being fully vaccinated against  
COVID-19 if they had received the second dose of the 
Pfizer-BioNTech (https://www.pfizer.com) or Mod-
erna (https://www.modernatx.com) mRNA vaccines 
or 1 dose of the J&J/Janssen (https://www.jnj.com) 
vaccine >14 days before S. pneumoniae detection. We 
assigned COVID-19 vaccination status only to IPD 
patients who were eligible for COVID-19 vaccina-
tion at the time of IPD detection, based on the initial  
COVID-19 vaccine introduction schedule of Alaska. 
Pneumococcal vaccination was having received >1 
dose of 13-valent pneumococcal conjugate vaccine 
(PCV13) or 23-valent pneumococcal polysaccharide 
vaccine (PPSV23) >14 days before S. pneumoniae de-
tection. We defined IPD serotype groups as S. pneu-
moniae serotypes contained in PCV13 plus serotype 
6C, those contained in PPSV23 but not in PCV13, and 
nonvaccine and unknown serotypes.

Statistical Analysis
We compared demographic, epidemiologic, and clin-
ical characteristics of IPD patients with and without 
a temporally associated SARS-CoV-2 infection. We 
used χ2 or Fisher exact tests for categorical variables. 
We performed multivariable logistic regression to 
identify risk factors for IPD and temporally associ-
ated SARS-CoV-2 infection among all patients with 
IPD. We included known risk factors associated with 
SARS-CoV-2 infection and retained those that result-
ed in the best fit models selected by the Akaike Infor-
mation Criteria through backward stepwise selection. 
We used R version 4.1.1 (https://www.R-project.org) 
for all statistical analyses. This activity was reviewed 
by CDC and was conducted consistent with appli-
cable federal law and CDC policy (see, e.g., 45 C.F.R. 
part 46.102(l)(2), 21 C.F.R. part 56; 42 U.S.C. §241(d); 5 
U.S.C. §552a; 44 U.S.C. §3501 et seq.).

Results
During January 2020–December 2021, we identified 
330 IPD case-patients. Of those persons, 59 (18%) had 
no SARS-CoV-2 testing performed within 30 days be-
fore or after IPD specimen collection date and were 
thus excluded from the analysis. Of the excluded per-
sons, 38 (64%) did not undergo SARS-CoV-2 testing 
because of having a positive culture for S. pneumoniae 
before COVID-19 testing was initiated in Alaska in 
March 2020. Other persons might have obtained a 
positive test result for COVID-19 within the previous 
90 days; per testing guidance, these persons were ex-
empted from further testing. 

Of the remaining 271 IPD case-patients, 55 (20%) 
had a temporally associated SARS-CoV-2 infection 
(Figure). Of those 55 patients, 49 (89%) had a posi-
tive SARS-CoV-2 test result on a specimen collected 
within 30 days before or on the same day as speci-
men collection for S. pneumoniae detection (Table 1). 
Only 6 patients had a positive SARS-CoV-2 test result 
on a specimen collected after their positive test for S. 
pneumoniae. All IPD patients who died and had a tem-
porally associated SARS-CoV-2 infection (n = 9) had 
SARS-CoV-2 detected before or concurrent with their 
IPD; no deaths occurred among patients who had 
SARS-CoV-2 detected >24 hours after a positive test 
result for S. pneumoniae.

Seven (3%) IPD cases were reported among pa-
tients <20 years of age (Table 2), including 1 patient 
who had a temporally associated SARS-CoV-2 infec-
tion (detected 9 days before IPD). The remaining 264 
(97%) patients who had IPD were adults >20 years 
of age (median age 52 years, range 20–88 years); 54 
had a temporally associated SARS-CoV-2 infection. 
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No major differences in sex, age, race, region, or un-
derlying medical conditions were reported among 
IPD patients with and without temporally associ-
ated SARS-CoV-2 infection (Table 2). A total of 19 
(35%) of 55 patients who had IPD and temporally 
associated SARS-CoV-2 infections were persons ex-
periencing homelessness, compared with 39 (18%) 
of 216 patients with IPD alone (p = 0.01). IPD cases 
with temporally associated SARS-CoV-2 infection 
were more likely to occur during July–September 
2021, the period when COVID-19 hospitalizations 
peaked in Alaska (Table 2) (18).

Patients who had IPD and temporally associat-
ed SARS-CoV-2 infection were more likely to show 
a clinical syndrome of pneumonia defined in the 
patient’s medical records, but we found no differ-
ences in rates of hospitalization between patients 
with or without temporally associated SARS-CoV-2 
infection. Among 55 IPD patients who had tem-
porally associated SARS-CoV-2 infection, 9 (16%) 
died, compared with 9 (4%) of 216 patients who 
had IPD alone (p<0.01).

Of 271 patients who had IPD, 133 (49%) had re-
ceived >1 dose of pneumococcal vaccine; no difference 
was reported in pneumococcal vaccination coverage 
rates between patients with or without temporally as-
sociated SARS-CoV-2 infection. Of 139 patients who 
had IPD and were eligible for COVID-19 vaccination, 
only 52 (37%) had completed a COVID-19 vaccine pri-
mary series. No difference in COVID-19 vaccination 

rates was reported between patients with or without 
temporally associated SARS-CoV-2 infection.

Overall, 30 (55%) of the IPD cases among patients 
who had SARS-CoV-2 infections were caused by S. 
pneumoniae serotypes contained in the PCV13 vac-
cine, compared with 167 (63%) of the IPD cases in 
patients without SARS-CoV-2 infection (Table 3). Se-
rotype 4 was the most common cause of IPD among 
both groups, including 44% (24/55) of IPD cases with 
SARS-CoV-2 infection and 56% (120/216) of IPD cas-
es without SARS-CoV-2. In contrast, a higher propor-
tion of patients who had temporally associated SARS-
CoV-2 infection had IPD attributable to a serotype 
contained in PPSV23 but not PCV13 or a serotype 
that is not in either vaccine. Multivariable analysis 
showed that, among patients who had IPD, persons 
experiencing homelessness were more likely to have 
a temporally associated SARS-CoV-2 infection than 
persons not experiencing homelessness (adjusted 
odds ratio 3.5, 95% CI 1.7–7.5) (Table 4).

Discussion
We found that, among 271 patients who had labo-

ratory confirmed IPD, 55 (20%) also had a temporally 
associated SARS-CoV-2 infection. For most of those 
patients, SARS-CoV-2 infection was detected before 
or concurrent with IPD. This finding is similar to what 
has been observed for other viral infections, such as 
influenza viruses, rhinoviruses, and adenoviruses 
(19–22). The mechanism through which SARS-CoV-2 

Figure. Epidemic curve for 
invasive pneumococcal disease 
case-patients with and without 
temporally associated  
SARS-CoV-2 infections, by month 
invasive pneumococcal disease 
specimen was collected, Alaska, 
USA, 2020–2021.

 
Table 1. Timing of SARS-CoV-2 detection in patients who had IPD and temporally associated SARS-CoV-2 infection, Alaska, USA, 
2020–2021* 
Timing of SARS-CoV-2 detection† Nonfatal cases, no. (%), n = 46 Fatal cases, no. (%), n = 9 
1‒30 d before IPD 21 (46) 6 (66) 
Same day as IPD 19 (41) 3 (33) 
1‒30 d after IPD 6 (13) 0 
*IPD, invasive pneumococcal disease. 
†Difference between dates of specimen collection. 
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infection might predispose a person to IPD is unclear. 
However, as for other viral infections, the cause is 
likely multifactorial, including epithelial damage, 
changes in airway function, upregulation and expo-
sure of receptors, inhibited immune response, or en-
hancement of inflammation (23–26).

We found that IPD patients who died were more 
likely to have a temporally associated SARS-CoV-2 
infection. All patients who died and had IPD and a 
temporally associated SARS-CoV-2 infection also 
had their infection detected either before or concur-
rently with the IPD. This finding suggests secondary 

 
Table 2. Characteristics of patients who had IPD temporally associated with a SARS-CoV-2 infection, compared with patients who had 
IPD alone, Alaska, USA, 2020–2021* 

Characteristic 
IPD patients with SARS-CoV-2 

infection, no. (%), n = 55 
IPD patients without SARS-CoV-2 

infection, no. (%), n = 216 p value† 
Sex   0.29 
 M 31 (56) 141 (65)  
 F 24 (44) 75 (35)  
Age, y   0.90 
 <20 1 (2) 6 (3)  
 20–39 12 (22) 57 (26)  
 40–59 25 (46) 93 (43)  
 ≥60 17 (31) 60 (28)  
Race   0.98 
 Alaska Native/American Indian 29 (53) 117 (54)  
 White 16 (30) 62 (29)  
 Other/unknown 10 (18) 37 (17)  
Region   0.70 
 Anchorage 28 (51) 111 (51)  
 Interior 7 (13) 31 (14)  
 Gulf 4 (7) 16 (7)  
 Matanuska-Susitna 5 (9) 15 (7)  
 Northern 2 (4) 20 (9)  
 Southeast 2 (4) 7(3)  
 Southwest 7 (13) 16 (7)  
Underlying medical condition   1.0 
 ≥1 44 (80) 175 (81)  
 None 11 (20) 41 (19)  
Seasonality   <0.01 
 Summer, June–August 10 (18) 54 (25)  
 Fall, September–December 37 (67) 76 (35)  
 Winter, December–February 5 (9) 27 (13)  
 Spring, March–May 3 (6) 59 (27)  
Person experiencing homelessness   0.01 
 Yes 19 (34) 39 (18)  
 No 36 (66) 177 (82)  
Pneumococcal vaccine received   0.80 
 PCV13 5 (9) 26 (12)  
 PPSV23 17 (31) 70 (32)  
 Both 2 (4) 13 (6)  
 Neither 31 (56) 107 (50)  
COVID-19 vaccine received   0.09 
 Fully vaccinated 9 (16) 43 (20)  
 Not fully vaccinated 28 (51) 59 (27)  
 Not eligible‡ 18 (33) 114 (53)  
Clinical syndrome§   <0.01 
 Pneumonia 46 (84) 155 (72)  
 Bacteremia without source 9 (16) 43 (20)  
 Other 2 (4) 49 (23)  
Hospitalized   0.26 
 Yes 49 (89) 179 (83)  
 No/unknown 6 (11) 37 (17)  
Died   <0.01 
 Yes 9 (16) 9 (4)  
 No 46 (84) 196 (91)  
 Unknown 0 11 (5)  
*IPD, invasive pneumococcal disease; PCV13, 13-valent pneumococcal conjugate vaccine; PPSV23, 23-valent pneumococcal polysaccharide vaccine. 
†By 2 test. 
‡Not eligible for COVID-19 vaccination at the time of IPD detection based on Alaska’s initial COVID-19 vaccine introduction schedule. Not included in 2 
calculation. 
§Clinical syndromes are not mutually exclusive. 
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bacterial infection as a possible complicating factor 
for death. All deceased patients with a SARS-CoV-2 
infection had COVID-19 listed as a cause of death. 
However, because of a lack of detailed clinical data 
and similar clinical manifestations of both diseases, 
we were unable to determine how IPD, SARS-CoV-2 
infection, or a combination of both contributed to the 
patients’ deaths.

Among all reported patients who had IPD, per-
sons experiencing homelessness were more likely to 
have a temporally associated SARS-CoV-2 infection. 
People experiencing homelessness are known to be at 
increased risk for IPD, probably attributable to stay-
ing in congregate settings, limited uptake of routine 
vaccinations, and higher prevalence of predisposing 
medical conditions (27–31). However, the possibility 
also exists that our findings were caused by increased 
detection of SARS-CoV-2 infection from routine 
screening in homeless shelters.

The first limitation of our study was that we were 
not able to obtain symptom onset dates for IPD or 
SARS-CoV-2 infection, indicating that timing of infec-
tion might differ from timing of detection in our re-
sults. Second, we were unable to determine how many 
SARS-CoV-2 tests persons experiencing homelessness 
received during the study period relative to the general 
population. Therefore, we could not calculate whether 
increased SARS-CoV-2 testing contributed to the ob-
served increased odds of SARS-CoV-2 infection in per-
sons experiencing homelessness. Third, our study was 
limited in assessing the interaction between homeless-
ness and death because of the small number of deaths 
among persons experiencing homelessness. However, 
it is useful to recognize that homelessness itself has 
consistently been associated as an independent risk 
factor for increased deaths. Fourth, we were unable 
to obtain detailed clinical information regarding those 
patients who died and had IPD and a temporally asso-
ciated SARS-CoV-2 infection, which indicates that we 
could not determine the etiologic role that SARS-CoV-2 
had in their death. We also assigned COVID-19 vac-
cination eligibility based on the phased rollout in the 
Alaska general population. Certain IPD patients might 
have been eligible before this date on the basis of im-

munocompromising conditions and occupational risk 
factors (e.g., healthcare workers) and underestimated 
the number of eligible persons not vaccinated. We also 
did not examine risk factors for IPD and deaths be-
cause the total number of patients who died was small 
(n = 18) probably resulting in small sample bias from 
maximum-likelihood estimation in multivariable mod-
els. Fifth, because we only included patients who had 
IPD, we cannot infer the association concerning other 
noninvasive pneumococcal infections with SARS-
CoV-2. Nevertheless, the study has multiple strengths, 
including linkage of statewide data sources to effec-
tively capture all reported cases of IPD and COVID-19 
in the state during the study period and a robust epide-
miologic comparison of persons co-infected with IPD 
and SARS-CoV-2 to those infected with IPD alone.

In conclusion, we found that ≈1 of 5 patients 
who had IPD in Alaska during 2020–2021 had a 

 
Table 3. Streptococcus pneumoniae serotype by vaccine type among patients who had IPD temporally associated with SARS-CoV-2 
infection or IPD alone, Alaska, USA, 2020–2021* 

S. pneumoniae serotype by vaccine type 
IPD patients with SARS-CoV-2 infection, 

no. (%), n = 55 
IPD patients without SARS-CoV-2 infection, 

no. (%), n = 216 
PCV13 + 6C† 30 (55) 137 (63) 
PPSV23, non-PCV13‡ 18 (33) 50 (23) 
Nonvaccine type 6 (11) 9 (4) 
Unknown 1 (2) 20 (9) 
*IPD, invasive pneumococcal disease; PCV13, 13-valent pneumococcal conjugate vaccine; PPSV23, 23-valent pneumococcal polysaccharide vaccine. 
†Serotypes contained in PCV13 (i.e., 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, 23F) plus serotype 6C. 
‡Serotypes contained in PPSV23 but not in PCV13 (i.e., 2, 8, 9N, 10A, 11A, 12F, 15B, 17F, 20, 22F, 33F). 

 

 
Table 4. Multivariable analysis of risk factors for invasive 
pneumococcal disease temporally associated with a SARS-CoV-
2 infection compared with patients who had with IPD alone, 
Alaska, USA, 2020–2021 
Characteristic Adjusted odds ratio* (95% CI) 
Person experiencing homelessness 
 No Referent 
 Yes 3.0 (1.4‒6.7) 
Sex  
 M Referent 
 F 1.8 (0.9‒3.6) 
Age, y  
 <50 Referent 
 ≥50 2.0 (1.0‒3.9) 
Race  
 White Referent 
 American Indian/Alaska Native 0.9 (0.4‒1.9) 
 Other/unknown 0.9 (0.3‒2.5) 
Underlying medical condition  
 None Referent 
 One or more 0.8 (0.3‒1.8) 
Season  
 Summer, June–August Referent 
 Fall, September–December 2.7 (1.2‒6.4) 
 Winter, December–February 0.9 (0.3‒3.1) 
 Spring, March–May 0.3 (0.1‒1.2) 
Fully vaccinated for COVID-19  
 Yes Referent 
 No 2.0 (0.9‒4.1) 
*Multivariable logistic regression model mutually adjusted for other 
variables. 
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temporally associated SARS-CoV-2 infection, and 
a greater proportion of patients who had IPD and 
temporally associated SARS-CoV-2 infection died 
compared with persons who had IPD alone. Per-
sons experiencing homelessness who had IPD 
were at increased risk for temporally associated  
SARS-CoV-2 infection. Healthcare providers should 
be aware of the added risks associated with dual in-
fection and the ongoing benefits of pneumococcal and  
COVID-19 vaccination, especially among vulnerable 
populations (17,32,33).
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etymologia revisited
Lassa Virus
[lah sə] virus

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

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

References: 
  1 Frame  JD, Baldwin  JM Jr, Gocke  DJ, Troup  JM. Lassa fever, a new 

virus disease of man from West Africa. I. Clinical description and 
pathological findings. Am J Trop Med Hyg. 1970;19:670–6

  2. Mahy  BW. The dictionary of virology, 4th ed. Burlington (MA):  
Elsevier; 2009.



Lyme disease is the most commonly reported vec-
torborne disease in the United States (1) and is an 

economic burden for patients and society (2–4). As a 
notifiable disease, standard Lyme disease case defi-
nitions and reporting criteria have identified ≈30,000 
cases annually via traditional surveillance (5). Sev-
eral jurisdictions have used alternative methods 

to approximate Lyme disease incidence, including 
sampling (6), estimation techniques (7), and supple-
menting laboratory-based surveillance data with in-
formation from electronic health records (8).

To complement traditional surveillance, the Cen-
ters for Disease Control and Prevention (CDC) used 
a commercial health care administrative claims data-
base to estimate Lyme disease incidence in the United 
States. In 2015, claims-based algorithms were devel-
oped for inpatient and outpatient settings; the outpa-
tient algorithm combined diagnosis codes from the 
International Classification of Diseases, 9th Revision, 
Clinical Modification (ICD-9-CM), for Lyme disease 
with dispensing of an antimicrobial drug within 30 
days (9). That study estimated that ≈329,000 annual 
cases of Lyme disease occurred during 2005–2010 af-
ter applying several correction factors to account for 
database limitations. The analysis was repeated for 
cases during 2010–2018 after the addition of diagnosis 
codes from the International Classification of Diseas-
es, 10th Revision, Clinical Modification (ICD-10-CM), 
for Lyme disease, estimating that ≈476,000 Lyme dis-
ease cases occurred annually during this period (10). 
However, the accuracy of the algorithms is unknown 
(11). We validated this outpatient algorithm by as-
sessing algorithm performance across age groups, 
healthcare facility type, and periods in a single Lyme 
disease–endemic state.

Methods

Study Population
We used Harvard Pilgrim Health Care (HPHC) ad-
ministrative claims data to identify the initial Lyme 
disease cohort in Massachusetts, USA. HPHC is a not-
for-profit health insurance company serving >3 mil-
lion members primarily in the New England region of 
the United States. HPHC members are approximately 
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Compared with notifiable disease surveillance, claims-
based algorithms estimate higher Lyme disease inci-
dence, but their accuracy is unknown. We applied a 
previously developed Lyme disease algorithm (diagno-
sis code plus antimicrobial drug prescription dispensing 
within 30 days) to an administrative claims database 
in Massachusetts, USA, to identify a Lyme disease co-
hort during July 2000–June 2019. Clinicians reviewed 
and adjudicated medical charts from a cohort subset 
by using national surveillance case definitions. We cal-
culated positive predictive values (PPVs). We identified 
12,229 Lyme disease episodes in the claims database 
and reviewed and adjudicated 128 medical charts. The 
algorithmʼs PPV for confirmed, probable, or suspected 
cases was 93.8% (95% CI 88.1%–97.3%); the PPV was 
66.4% (95% CI 57.5%–74.5%) for confirmed and prob-
able cases only. In a high incidence setting, a claims-
based algorithm identified cases with a high PPV, sug-
gesting it can be used to assess Lyme disease burden 
and supplement traditional surveillance data.
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half female and half male, and ≈20% of members are 
>65 years of age. We included HPHC members who 
were enrolled in medical and pharmacy benefits for 
>6 months from July 1, 2000, through June 30, 2019, 
and who were residents of Massachusetts at the time 
of enrollment.

To validate cases identified in the administrative 
claims database, we reviewed medical charts for a 
subset of patients with Lyme disease episodes who 
received care from any facility that was part of the 
Mass General Brigham (MGB) healthcare system. We 
limited chart review to a single healthcare system to 
simplify accessing medical charts. MGB, the largest 
provider system in Massachusetts, comprises 16 insti-
tutions across the care continuum and has 6,500 phy-
sicians. The system includes academic medical cen-
ters, specialty and community hospitals, and urgent 
and community-based care via community health 
centers that are geographically dispersed across east-
ern Massachusetts. In 2020, the MGB healthcare sys-
tem was responsible for ≈20% of inpatient discharges 
and ≈27% of outpatient revenue in Massachusetts 
(12). We expected the MGB healthcare system to be 
representative of care delivered across the state.

Algorithm Criteria and Descriptive Analyses
Lyme disease was defined by >1 diagnosis code (ICD-
9-CM code 088.81; ICD-10-CM codes A69.20, A69.21, 
A69.22, A69.23, and A69.29) and >1 outpatient dis-
pensing of an antimicrobial drug used to treat Lyme 
disease according to Infectious Diseases Society of 
America guidelines (13). We defined antimicrobial 
drugs by using the US Food and Drug Administra-
tion National Drug Codes for doxycycline, amoxi-
cillin, cefuroxime axetil, azithromycin, penicillin G, 
ceftriaxone, and cefotaxime; we included oral and 
nonoral formulations. We required a minimum 7-day 
supply of antimicrobial drug dispensed within 30 
days of the Lyme disease diagnosis and included oral 
and nonoral formulations. We evaluated the use of 
doxycycline, amoxicillin, cefuroxime axetil, azithro-
mycin, penicillin G, ceftriaxone, and cefotaxime to 
treat Lyme disease.

To identify Lyme disease episodes, we required 
that HPHC members did not have a Lyme disease 
diagnosis code documented within 180 days before 
meeting the Lyme disease definition (i.e., if someone 
had a Lyme disease diagnosis code but no antimi-
crobial drug dispensed and then had another Lyme 
disease diagnosis code <180 days later with a qualify-
ing antimicrobial drug dispensed, we did not include 
the second episode). For members who had multiple 
Lyme disease episodes, we used recurrence intervals 

to exclude episodes in which the diagnosis code and 
antimicrobial drug were likely used for treating Lyme 
disease–related sequelae from the first infection; we 
used intervals according to those used by others for 
ICD-9-CM (9) and ICD-10-CM (10) codes. During the 
ICD-9-CM era (before October 1, 2015), the recurrence 
interval was 365 days. During the ICD-10 era (begin-
ning October 1, 2015), if a member met the algorithm 
definition with code A69.2 (Lyme disease) or A69.20 
(Lyme disease, unspecified) on or after October 1, 
2015, the recurrence interval was 180 days, as long as 
the second Lyme disease case date was in the next cal-
endar year. If the second Lyme disease case date was 
in the same calendar year, then the second episode 
was not included. If a member met the algorithm def-
inition with code A69.21 (meningitis), A69.22 (other 
neurologic disorders), A69.23 (arthritis), or A69.29 
(other conditions) on or after October 1, 2015, the re-
currence interval was 365 days.

We summarized characteristics of HPHC mem-
bers with algorithm-defined Lyme disease during 
the full study period by using descriptive statistics. 
We examined the frequencies and percentages of pa-
tient demographic and clinical characteristics associ-
ated with Lyme disease episodes that were available 
in the administrative claims data. Acute signs and 
symptoms were rash, fever, chills, fatigue, headache, 
joint and muscle pain, radiculopathy, and pares-
thesia, and those were identified by ICD-9-CM and 
ICD-10-CM diagnosis codes reported within 14 days 
before or after meeting the Lyme disease algorithm 
definition (Appendix Table, https://wwwnc.cdc.
gov/EID/article/29/9/22-1931-App1.pdf). Muscu-
loskeletal, nervous system, cardiovascular, and ocu-
lar manifestations of Lyme disease were examined 
up to 1 year after Lyme disease diagnosis and were 
also identified by diagnosis codes (Appendix Table). 
Among those patients with obtainable MGB medi-
cal records that were reviewed and adjudicated, we 
evaluated demographic and clinical characteristics 
and summarized acute symptoms and disseminated 
manifestations by using the same criteria described 
previously. We also assessed laboratory data cap-
tured in the medical records to determine how many 
cases were laboratory-confirmed.

Algorithm Validation via Medical Chart Reviews
We had an a priori goal of reviewing 125 medical 
charts for algorithm validation; we prioritized cases 
from the ICD-10-CM era and then included ICD-9-CM 
era episodes to obtain >125 charts. We identified 193 
medical charts for persons with HPHC insurance who 
had evidence of Lyme disease–related care at a facility 
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within the MGB system and who met the algorithm 
criteria during January 2015–June 2019; we sought 
medical records for a convenience sample of 171 cases.

Under the supervision of an infectious disease clin-
ical faculty member (C.R.), 3 MGB medical residents 
(C.T.N., N.P., M.S.) conducted all chart abstraction 
and adjudication activities. Prior to conducting those 
activities, they received training from a Lyme disease 
clinical expert (J.A.). To assess interrater reliability, all 
3 clinicians initially abstracted and adjudicated the 
same 20 medical charts. We calculated a single κ-like 
statistic that summarized interrater reliability across 
all clinicians by computing the mean of the weighted 
κ for each clinician pair (14). We divided the remaining 
charts among the 3 clinicians for single adjudications.

We conducted medical chart reviews assum-
ing that the clinician-determined adjudication was 
the standard for definitively assigning Lyme disease 
status according to surveillance case definitions. We 
developed standardized abstraction and adjudication 

forms for chart reviews that had definitions consis-
tent with the 2017 Council of State and Territorial 
Epidemiologists’ Lyme disease case definitions for 
confirmed, probable, and suspected cases (15) (Ap-
pendix). Abstracted data from each medical record 
were evidence of erythema migrans or rash; tick bite 
or exposure to ticks; signs and symptoms of Lyme 
disease; cardiovascular, musculoskeletal, or nervous 
system manifestations of Lyme disease; antimicrobial 
drugs or other medications used to treat Lyme dis-
ease; laboratory tests and results; physician diagno-
sis of Lyme disease; evidence of persistent signs and 
symptoms of Lyme disease; and healthcare facility 
type. Claims-based Lyme disease cases were adjudi-
cated, and we classified each case as confirmed, prob-
able, suspected, or not a Lyme disease case (Table 1).

We calculated positive predictive values (PPV) 
for claims-based Lyme disease cases adjudicated as 
confirmed, probable, or suspected and PPV values 
for confirmed or probable cases only. We calculated 
PPVs according to age group, healthcare facility type, 
period, and patients with Lyme disease–related labo-
ratory tests to determine how performance varied 
across those subgroups. We used the Clopper-Pear-
son method to calculate 95% CIs for all PPVs (16). The 
study was approved by the Harvard Pilgrim Health 
Care Institutional Review Board.

Results

Claims Data
From July 1, 2000, through June 30, 2019, by using 
the Lyme disease claims-based algorithm, we iden-
tified 12,229 Lyme disease episodes among 11,823 
HPHC members who lived in Massachusetts; a to-
tal of 11,452 members had 1 Lyme disease episode, 
339 had 2 episodes, and 32 had 3 or 4 qualifying 
episodes. Most (77.7%) episodes were identified 
during the ICD-9-CM era; the only applicable code 
was 088.81, Lyme disease. During the ICD-10-CM 
era, the most common cohort-defining diagnosis 
code was A69.20, Lyme disease unspecified (93.0%); 
4.9% were identified as A69.23, arthritis due to Lyme 
disease; 1.4% as A69.29, other conditions associated 
with Lyme disease; and <1% as A69.22, other neuro-
logic disorders in Lyme disease, or A69.21, meningi-
tis due to Lyme disease.

We analyzed demographic and clinical character-
istics of patients with Lyme disease episodes accord-
ing to claims data for the overall cohort (n = 12,229) 
and the subset included in the chart review (n = 128) 
(Table 2). Most Lyme disease episodes occurred 
among adults >18 years of age, including 71.4% in 
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Table 1. Case classification, definitions, and instructions used by 
clinician adjudicators for chart review in study of validation of 
claims-based algorithm for Lyme disease, Massachusetts, USA* 
Classification Definitions† 
Confirmed Erythema migrans with known exposure in a high-

incidence state (e.g., Massachusetts), erythema 
migrans with known exposure in a low-incidence 
state and laboratory-confirmed Lyme disease, or 
>1 late manifestation of Lyme disease and 
laboratory-confirmed Lyme disease 

Probable Diagnosis of Lyme disease in clinical notes and 
laboratory-confirmed Lyme disease but no 
evidence of erythema migrans and no eligible late 
manifestations of disease 

Suspected Diagnosis of Lyme disease in clinical notes and 
antimicrobial drugs ordered by healthcare 
provider to treat Lyme disease but no laboratory 
confirmation, no evidence of erythema migrans, 
and no eligible late manifestations of Lyme 
disease; or erythema migrans with no known 
exposure, no laboratory confirmation, and no 
eligible late manifestations of Lyme disease 

*Definitions were based on the 2017 Council of State and Territorial 
Epidemiologists case definitions (15). 
†Laboratory-confirmed Lyme disease was indicated by positive Lyme 
cultures, PCR, or 2-tiered tests. For a positive 2-tiered test, if the patient 
experienced signs or symptoms for <30 d before a positive or equivocal 
enzyme immunoassay or immunofluorescence assay, they must have a 
positive IgG or IgM Western blot result; if the patient has experienced 
signs or symptoms for >30 d before a positive or equivocal enzyme 
immunoassay or immunofluorescence assay, they must have a positive 
IgG Western blot result (a positive IgM Western blot result does not 
confirm Lyme disease in this scenario). Late manifestations of Lyme 
disease include musculoskeletal involvement defined as inflammatory 
arthritis or recurrent and brief attacks of swelling in >1 joint that lasts for 
several weeks or months; nervous system involvement defined as 
lymphocytic meningitis, cranial neuritis, radiculoneuropathy, or 
encephalomyelitis (headache, fatigue, paresthesia, or mildly stiff neck 
alone did not meet criteria for neurologic involvement); or cardiovascular 
involvement defined as acute onset of high-grade atrioventricular 
conduction defects that resolve in days to weeks, such as complete heart 
block, third degree heart block, or high-grade atrioventricular block 
(palpitations, bradycardia, bundle branch block, or myocarditis alone did 
not meet criteria for cardiovascular involvement). 
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the overall cohort (median age 42 years, interquartile 
range 15–55 years; 45.9% were 40–64 years of age) and 
80.5% in the chart review (median age 48 years, in-
terquartile range 29–60 years; 48.4% were 40–64 years 
of age). Male patients comprised 49.2% of reviewed 
charts and 54.6% of all Lyme disease episodes.

Of the total Lyme disease episodes, 66.3% were 
associated with dispensation of a >7-day supply of 
doxycycline, 29.4% with amoxicillin, and 4.3% with 
cefuroxime acetyl, azithromycin, or penicillin G. 
Some cases (2%) were treated with >1 antimicrobial 
drugs. No cases were treated with ceftriaxone or ce-
fotaxime. Within the subset included in the chart re-
view, the pattern was similar, although more patients 
(83.6%) were treated with doxycycline.

For the overall Lyme disease cohort, during the 
14 days before and after the Lyme disease case date, 

56.7% of cases did not have any diagnosis codes re-
corded in claims data that were indicative of acute 
signs or symptoms; 13.7% of cases had diagnosis 
codes for joint pain, 13.4% for rash, and 12.4% for fa-
tigue. During the 365 days after the Lyme disease case 
date, 7.4% of cases had a diagnosis code indicative of 
a nervous system manifestation, such as Bell’s palsy, 
meningitis, or radiculopathy. Musculoskeletal (2.7%), 
ocular (2.1%), or cardiovascular (0.3%) manifesta-
tions occurred within 365 days of the Lyme disease 
case date, according to diagnosis codes. Those find-
ings were generally similar among patients included 
in chart reviews.

Algorithm Validation via Chart Review
Of the 128 (75%) obtainable medical records that 
we reviewed and adjudicated, 80.5% were for cases 
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Table 2. Demographic and clinical characteristics of Harvard Pilgrim Health Care members who met criteria for a validation study of a 
claims-based algorithm for Lyme disease during July 2000–June 2019 in Massachusetts, USA* 
Characteristics Total Lyme disease episodes Lyme disease episodes included in chart review 
Total no. cases 12,229 128 
Age groups, y 
 Pediatric, <18 3,494 (28.6) 25 (19.5) 
 Adult, >18 8,735 (71.4) 103 (80.5) 
 <1 8 (0.1) 0 
 1–4 775 (6.3) 8 (6.3) 
 5–14 2,271 (18.6) 16 (12.5) 
 15–24 1,208 (9.9) 7 (5.5) 
 25–39 1,500 (12.3) 16 (12.5) 
 40–64 5,609 (45.9) 62 (48.4) 
 >65 858 (7.0) 19 (14.8) 
Median age, y (IQR) 42 (15–55) 48 (29–60) 
Sex 
 M 6,675 (54.6) 63 (49.2) 
 F 5,554 (45.4) 65 (50.8) 
Antimicrobial drug 
 Doxycycline 8,110 (66.3) 107 (83.6) 
 Amoxicillin 3,594 (29.4) 18 (14.1) 
 Cefuroxime axetil 341 (2.8) 2 (1.6) 
 Azithromycin 177 (1.5) 1 (0.8) 
 Penicillin G 7 (0.1) 0 
Acute signs and symptoms† 
 No signs or symptoms 6,931 (56.7) 80 (62.5) 
 Joint pain 1,681 (13.7) 12 (9.4) 
 Rash‡ 1,644 (13.4) 20 (15.6) 
 Fatigue 1,518 (12.4) 10 (7.8) 
 Fever 1,091 (8.9) 6 (4.7) 
 Headache 999 (8.2) 7 (5.5) 
 Myalgia 654 (5.3) 10 (7.8) 
Disseminated manifestations§ 
 Nervous system 904 (7.4) 9 (7.0) 
 Musculoskeletal 326 (2.7) 10 (7.8) 
 Ocular 257 (2.1) 3 (2.3) 
 Cardiovascular 37 (0.3) 0 
*Values are no. (%) except as indicated. All data are from the Harvard Pilgrim Health Care administrative claims database. The 128 Lyme disease 
episodes included in the chart reviews were also included in the total Lyme disease episode data. IQR, interquartile range. 
†Rash, fever, chills, fatigue, headache, joint pain, neck pain or stiff neck, radiculopathy, myalgia, and paresthesia were derived from diagnosis codes from 
the International Classification of Diseases, 9th Revision, Clinical Modification, and International Classification of Diseases, 10th Revision, Clinical 
Modification, documented up to 14 d before or after the member met the claims-based definition of Lyme disease. 
‡Upon medical record review, 62 of 128 (48.4%) cases had evidence of erythema migrans. 
§Nervous system, musculoskeletal, ocular, and cardiovascular manifestations were derived from diagnosis codes from the International Classification of 
Diseases, 9th Revision, Clinical Modification, and International Classification of Diseases, 10th Revision, Clinical Modification, documented up to 365 d 
after the member met the claims-based definition of Lyme disease. A patient can have both disseminated manifestations and acute signs and symptoms. 
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that occurred during the ICD-10 era. The overall 
interrater reliability for the 20 charts reviewed by  
all 3 clinician adjudicators yielded a mean weight-
ed κ of 0.94.

Overall, we adjudicated 120 of 128 reviewed 
charts as confirmed, probable, or suspected cases. 
The distribution of those 120 cases followed the ex-
pected seasonality of Lyme disease in Massachusetts; 
the peak was observed in July. Of the 18.8% of cases 
that were laboratory-confirmed (defined by posi-
tive Lyme disease culture, PCR, or standard 2-tiered 
tests), all were adjudicated as confirmed or probable 
cases. A clinical diagnosis of Lyme disease was indi-
cated in 55.5% of charts, defined as erythema migrans 
or Lyme disease–associated carditis, neuroborrelio-
sis, meningitis, or arthritis in the healthcare pro-
vider’s clinical notes. Upon chart review, erythema 
migrans was reported for 48% of patients (98.4% of 
whom were adjudicated as confirmed cases), which 
was substantially higher than the >15.6% of patients 
with evidence of rash via claims data alone. Similar to 
observations for claims data alone, reports of dissemi-
nated Lyme disease manifestations were uncommon 
upon chart review. Musculoskeletal involvement 
was found in 6.3%, nervous system involvement in 
2.3%, cardiovascular involvement in <1%, and ocular 
involvement in 0% of cases; 75% (n = 9) of patients 
with a disseminated manifestation were adjudicated 
as confirmed cases.

For reviewed charts, we calculated PPVs for the 
algorithm overall and according to select character-
istics (Table 3). Most (74.2%) charts were from pa-
tients seen in a primary care setting. The overall PPV 
of the algorithm for cases identified as confirmed, 
probable, or suspected was 93.8% (95% CI 88.1%–

97.3%). When limited to confirmed or probable cases 
only, the PPV was 66.4% (95% CI 57.5%–74.5%). The 
PPV for confirmed, probable, or suspected cases 
was 100% (n = 25) for pediatric patients, compared 
with 92.2% (n = 103) for adult patients. PPVs for con-
firmed, probable, and suspected cases were 92.0% for 
those identified during the ICD-9 era and 92.4% for 
those identified during the ICD-10 era. When includ-
ing only confirmed and probable cases, the PPV was 
76.0% for the ICD-9 era and 64.1% for the ICD-10 era.

Among the 8 patients who did not have Lyme 
disease upon adjudication, none had erythema mi-
grans, and 1 patient had a nonspecific rash. Only 1 
patient had a documented tick bite. One patient’s 
chart indicated Borrelia miyamotoi infection and 
another noted a suspected B. miyamotoi infection. 
Among 5 patients who had a Lyme disease test, 4 
had negative results documented.

Discussion
We report high PPVs for a claims-based algorithm 
previously used by the CDC to estimate the inci-
dence of Lyme disease in the United States, using 
claims data and medical record information from 
sources in Massachusetts. The PPV for cases adjudi-
cated as confirmed, probable, or suspected (accord-
ing to surveillance case definitions) was 93.8%; PPV 
was 66.4% when limited to only confirmed or prob-
able. Our results provide support for previous stud-
ies (4,9,10,17,18) and future research aimed at using 
claims-based algorithms to estimate the total burden 
of Lyme disease.

Algorithm performance varied depending on the 
inclusion of suspected cases in PPV calculations. The 
surveillance definition for a suspected case captures 
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Table 3. Numbers of reviewed charts and positive predictive values according to case definitions and other factors during January 
2015–June 2019 in study of validation of claims-based algorithm for Lyme disease, Massachusetts, USA* 
Factors Reviewed charts Confirmed Probable Suspected Not LD % PPV (95% CI)†  % PPV (95% CI)‡  
Overall 128 70 15 35 8 93.8 (88.1–97.3) 66.4 (57.5–74.5) 
Age group, y 
 Pediatric, <18 25 (19.5%) 19 3 3 0 100 (86.3–100) 88 (68.8–97.5) 
 Adults, >18 103 (80.5%) 51 12 32 8 92.2 (85.3–96.6) 61.2 (51.1–70.6) 
ICD era§ 
 ICD-9-CM  25 (19.5%) 16 3 4 2 92.0 (74.0–99.0) 76.0 (54.9–90.6) 
 ICD-10-CM 103 (80.5%) 54 12 31 6 94.2 (87.8–97.8) 64.1 (54.0–73.3) 
Healthcare facility type 
 Primary care 95 (74.2%) 51 14 26 4 95.8 (89.6–98.8) 68.4 (58.1–77.6) 
 Urgent care 17 (13.3%) 12 1 4 0 100 (80.5–100) 76.5 (50.1–93.2) 
 Other¶  16 (12.5%) 7 0 5 4 75.0 (47.6–92.7) 31.3 (11.0–58.7) 
Laboratory tests# 68 (53.1%) 27 15 21 5 92.7 (83.7–97.6) 61.8 (49.2–73.3) 
*Values are no. (%) except as indicated. Lyme disease case definitions are confirmed, probable, suspected, and not Lyme disease. ICD, International 
Classification of Diseases; ICD-9, ICD, 9th Revision, Clinical Modification; ICD-10, ICD, 10th Revision, Clinical Modification; LD, Lyme disease; PPV, 
positive predictive value. 
†Confirmed, probable, or suspected cases. 
‡Confirmed or probable cases only. 
§Case dates were January 2015–September 2015 for ICD-9 and October 2015–June 2019 for ICD-10. 
¶Includes specialist practice (n = 5), emergency department (n = 3), telephone encounter (n = 3), and unknown facility type (n = 5). 
#Laboratory testing performed (regardless of result). 
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persons treated presumptively and those who do not 
have true Lyme disease as well as those who, for ex-
ample, have poor recall of a tick bite (and, therefore, 
no known exposure) or whose erythema migrans  
resolves before a scheduled medical encounter. Be-
cause all suspected cases were treated, they represent 
a burden on the healthcare system.

The PPV also varied according to the ICD coding 
era. The ICD-9 era had a higher PPV (76.0% [95% CI 
54.9%–90.6%]) than did the ICD-10 era (64.1% [95% CI 
54.0%–73.3%]) when restricted to only confirmed and 
probable cases; 16% of charts reviewed from the ICD-
9 era were adjudicated as suspected cases, compared 
with 30% from the ICD-10 era. The difference in adju-
dication percentages could be explained by increased 
awareness of Lyme disease in recent years leading to 
more presumptive treatment and diagnosis. Of note, 
most (81%) of the charts reviewed were diagnosed in 
the ICD-10 era and yielded a narrower CI.

We showed that a low percentage of Lyme dis-
ease episodes in both the claims data and chart re-
view subset had evidence of disseminated disease 
(neurologic, musculoskeletal, and cardiac systems). 
Some variation existed according to data source; 
musculoskeletal involvement was the most prevalent 
(6% of cases) disseminated manifestation identified 
in the chart review subset, whereas nervous system 
involvement within 1 year was most common (7% 
of cases) in the claims-based cohort. Another study 
also reported low prevalence of disseminated Lyme 
disease in claims data using the same algorithm (19). 
Overall, that study found that 6% of Lyme disease 
episodes had disseminated disease within 30 days 
of diagnosis; arthritis was the most common mani-
festation at 3%, followed by facial palsy at 2%. Those 
findings contrast with surveillance reports indicating 
27.5% of patients with confirmed Lyme disease had 
arthritis, 1.5% had carditis, and 12.5% had a neuro-
logic manifestation (1) and another report indicating 
43.9% of cases reported via laboratory-based surveil-
lance had evidence of disseminated Lyme disease 
(20). This discrepancy might be because of lack of 
capture of those conditions in claims data or a lack 
of ascertainment of disseminated disease with this 
algorithm, which requires a Lyme disease diagnosis 
code. Alternatively, estimates of disseminated mani-
festations in surveillance data might be overestimates 
because of reporting bias. Previous claims data–based 
studies have found that >50% of Lyme disease pa-
tients did not have a Lyme disease–specific diagnosis 
code (9,21). Future studies should aim to elucidate 
this discrepancy by validating other case-identifying 
algorithms. Another explanation might be that the al-

gorithm required data on outpatient dispensing of a 
7-day antimicrobial drug supply; we did not include 
procedure codes for treatment with intravenous an-
timicrobial drugs. Therefore, the algorithm might 
have underperformed for identifying nervous system 
disease because treatment of those manifestations in-
cludes intravenous antimicrobial drugs. 

We validated the claims-based algorithm to sup-
port its use in retrospectively estimating Lyme dis-
ease incidence, but claims data can be used for routine 
ongoing surveillance if data lags are anticipated and 
understood. The timeliness of settled (closed) claims 
data varies according to care settings and specific data 
elements. For example, outpatient drug dispensing 
data are generally available and complete within sev-
eral weeks of service, whereas hospital-based claims 
data can take months to be near-complete.

The first limitation of our study is that we ob-
tained 128 (75%) of 171 charts that were sought for 
our analysis. Although the number is slightly high-
er than for other studies that identified charts from 
claims data for review (22–24), whether the charts 
that were unobtainable were more or less likely to 
contain a Lyme disease diagnosis is unknown. Charts 
were often unobtainable because the electronic medi-
cal records lacked information on the encounter of in-
terest. Second, we validated the algorithm in a Lyme 
disease–endemic state, and the algorithm might not 
perform similarly in nonendemic states because of 
differences in physician awareness and Lyme disease 
testing, treatment, and coding practices. One study 
validated a claims-based algorithm for outpatient 
Lyme disease in Tennessee, a non–Lyme disease–
endemic state, and reported a PPV of 5%. However, 
that study used a different algorithm, which was de-
fined by >3 occurrences of the ICD-9 diagnosis code 
for Lyme disease (25). Future studies should consider 
validating the algorithm developed by CDC in a non–
Lyme disease–endemic state. Third, we were unable 
to assess the sensitivity or specificity of the algorithm 
given our study design. Fourth, the chart reviews 
were conducted within 1 Massachusetts healthcare 
system, albeit a large system with many different 
clinical practices and sites. Any claims-based algo-
rithm will perform differently according to testing, 
treatment, and coding practices, which might vary by 
clinical practice and system. However, the algorithm 
we used was not highly specialized, and we hypoth-
esize that its performance would be similar in other 
Lyme disease–endemic regions. Finally, diagnosis 
codes for symptoms are generally undercaptured 
in administrative claims data. Therefore, we might 
have underestimated the frequency of acute signs 
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and symptoms of a Lyme disease in our claims-based 
analysis and, perhaps, the frequency of late manifes-
tations of Lyme disease as well.

In conclusion, we found that a claims-based al-
gorithm defined by documentation of a Lyme disease 
diagnosis code and dispensation of an outpatient anti-
microbial drug had a high PPV upon chart validation. 
Our analysis bolsters previous claims-based estimates 
of Lyme disease, indicating a substantial burden of 
medically attended Lyme disease in high-incidence 
states. Our findings suggest that claims data can be 
used to estimate Lyme disease incidence by state or 
nationally. More accurate estimates of Lyme disease 
incidence can inform decisions related to prevention, 
both clinically and from a policy perspective. 
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Anaplasma capra is an emerging tickborne zoo-
notic pathogen in the genus Anaplasma, fam-

ily Anaplasmataceae, and was initially identified in  
blood samples from asymptomatic goats (Capra  

aegagrus hircus) and a febrile human patient with tick-
bite history in China in 2015 (1). The patient infected 
with A. capra had fever, headache, malaise, dizziness, 
myalgia, gastrointestinal symptoms, rash, lymphade-
nopathy, and abnormalities in cerebrospinal fluid 
pleocytosis and hepatic aminotransferase. Since then, 
A. capra has been detected in various domestic animals 
(e.g., goats, sheeps, cattle, yaks, and dogs) (2–5) and 
wild animals (e.g., takins, muntjacs, water deer, musk 
deer, onagers, serows, and brown hares) (6–10), and in 
a wide range of ticks (e.g., Ixodes persulcatus, Haemaphy-
salis longicornis, H. qinghaiensis, Dermacentor abaensis, 
D. nuttalli, and Rhipicephalus microplus [1,11–14]) across 
China and around the world (2,7–10,15,16), posing a 
potential threat to the health of humans and animals.

Members of the family Anaplasmataceae have 
complex life cycles involving vertebrate hosts and 
hematophagous ticks, many of which have emerged 
as human pathogens. The genus Anaplasma was pro-
posed according to the phylogenetic analyses based 
on 16S rRNA and groEL sequences (17) and initially 
encompassed 6 species: A. phagocytophilum, A. margi-
nale, A. centrale, A. ovis, A. platys, and A. bovis. Sub-
sequently, 2 candidate novel species (A. capra and A. 
odocoilei) and other unclassified genovariants (1,18–20) 
were included in the List of Prokaryotic Names with 
Standing in Nomenclature (https://www.bacterio.
net) pending validation. To date, 5 Anaplasma species 
have been known to infect humans: A. phagocytophi-
lum, A. capra, A. ovis, A. platys, and A. bovis (21). Since 
the A. marginale genome sequence was reported in 
2005 (22), a total of 24 A. marginale genomes (23), 32 A. 
phagocytophilum genomes (24,25), 1 A. centrale genome 
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Anaplasma capra is an emerging tickborne human 
pathogen initially recognized in China in 2015; it has 
been reported in ticks and in a wide range of domestic 
and wild animals worldwide. We describe whole-genome 
sequences of 2 A. capra strains from metagenomic se-
quencing of purified erythrocytes from infected goats in 
China. The genome of A. capra was the smallest among 
members of the genus Anaplasma. The genomes of the 
2 A. capra strains contained comparable G+C content 
and numbers of pseudogenes with intraerythrocytic Ana-
plasma species. The 2 A. capra strains had 54 unique 
genes. The prevalence of A. capra was high among 
goats in the 2 endemic areas. Phylogenetic analyses 
revealed that the A. capra strains detected in this study 
were basically classified into 2 subclusters with those 
previously detected in Asia. Our findings clarify details of 
the genomic characteristics of A. capra and shed light on 
its genetic diversity.



Intraerythrocytic Anaplasma capra in Goats, China

(26), 2 A. ovis genomes (27), and 1 A. platys genome 
(28) have been sequenced and deposited in GenBank. 
Although A. capra has been extensively detected in 
ticks and animal hosts worldwide, no genome of 
the emerging pathogen has been determined so far, 
which has hindered us from better understanding its 
genetic features and pathogenesis. Considering A. 
capra is an intraerythrocytic pathogen and abundant 
in blood samples of host goats (1,29), we separated 
erythrocytes from the blood of infected goats to en-
rich the bacteria and generated the entire genome of 
A. capra using metagenome assembly to promote bet-
ter understanding of this emerging pathogen, to com-
pare the characteristics of A. capra genomes with pre-
viously published genomes of other Anaplasma and 
related species, and to evaluate intraspecies genetic 
diversity of A. capra in different geographic locations 
and tick species across China.

Materials and Methods

Sample Collection and Preparation
We collected EDTA blood samples from 3 flocks 
of goats in Shandong Province and a flock of goats 
in Guizhou Province, China (Appendix Figure 1, 
https://wwwnc.cdc.gov/EID/article/29/9/23-
0131-App1.pdf), during September 2021–July 2022. 
Meanwhile, we prepared blood smears for some 
goats. We collected host-seeking ticks in the same ar-
eas where the infected goats lived by dragging white 
flags over vegetation. An entomologist (Y.S.) iden-
tified all ticks to the species level and developmen-
tal stage. We extracted DNA from each goat blood 
sample or tick by using a High Pure PCR Template 
Preparation Kit (Roche, https://www.roche.com) ac-
cording to the manufacturer’s instructions.

PCRs and Sequencing
We conducted a nested PCR specific for the citrate 
synthase (gltA) gene of A. capra (Appendix Table 1) to 
screen all goat blood and tick samples, as previously 
described (1). We amplified all the positive samples 
for gltA by specific PCRs targeting the 16S rRNA, 
msp4, and groEL genes of A. capra (Appendix Table 1). 
We sequenced all amplicons to confirm the correct-
ness of PCR results and conducted a SYBR Green–
based quantitative PCR (qPCR) targeting different 
regions of the gltA gene by using a specific primer 
(Appendix Table 1).

Fluorescence In Situ Hybridization
We used fluorescence in situ hybridization (FISH) to 
observe the A. capra on blood smears. We designed 

the probe on the basis of the 16S rRNA full-length 
sequence of A. capra (Appendix Table 2) and labeled 
it with Quasar 570. We resuspended the pooled 
FISH probes in a final concentration of 25 µmol/L in 
RNase-free storage buffer, which we protected from 
light and stored at –20°C. We performed FISH on 
the prepared blood smear with a commercial kit (Bi-
osearch Technologies, https://www.biosearchtech.
com), according to the manufacturer’s instructions.

Enrichment of A. capra for Genomic Sequencing
We separated erythrocytes from infected goats by 
conducting gradient centrifugation using cell separa-
tion solution (Eppendorf, https://www.eppendorf.
com) for 20 min at 200 × g at 4°C. Then, we added 
4 times volume of precooled (4°C) erythrocyte lysis 
buffer (Solarbio, http://www.solarbio.net) to the iso-
lated erythrocytes by gentle pipetting to ensure ad-
equate mixing. After placing the lysis solution at 4°C 
for 10 min, we centrifuged the solution at 350 × g for 
10 min to remove residual blood cells. After that treat-
ment, we maximally removed the host DNA in sam-
ples. Finally, we centrifuged the supernatant at 20,000 
× g at 4°C for 30 min. We resuspended the pooled A. 
capra for DNA extraction by using the High Pure PCR 
Template Preparation Kit (Roche). We then construct-
ed a sequencing library by using the AxyPrep MAG 
PCR Clean Up Kit (Fisher Scientific, https://www.
fishersci.com) for an MGI sequencing set (https://
en.mgi-tech.com). We prepared the sequencing li-
brary according to the Whole Genome Sequencing Li-
brary Preparation Protocol (MGI). We sequenced the 
paired-end libraries with a read length of 2 × 150 bp 
on a DNBseq-T7 platform at Grandomics Gene Tech-
nology Beijing Co. Ltd (Beijing, China).

Genome Assembly and Comparative Analyses
We mapped the clean reads to the goat (Capra 
hircus) reference genome (GenBank accession no. 
GCF_001704415) by using SAMtools 1.14 (30) to 
discard host-derived reads. We de novo assem-
bled contigs from the unmapped reads by using 
metaSPAdes 3.15.3 (31). We performed contig bin-
ning by using MetaBAT 2.15 (32) and evaluated 
assembly quality by using CheckM version 1.1.3 
in linage_wf mode, which searches for universal 
single-copy marker genes and deduces complete-
ness and contamination on the basis of presence 
and absence of these genes (33). We generated G+C 
content, genome completeness, and annotation 
information and depicted them by using an ap-
proach described previously (34,35). We estimated 
average nucleotide identity (ANI) and DNA–DNA  
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hybridization (DDH) by using fastANI 1.32 (36) 
and GGDC (https://ggdc.dsmz.de/ggdc.php).

Phylogenetic Analyses
We deposited in GenBank the results of the phyloge-
netic analysis of the whole genomes of the 2 A. capra 
strains and all the genomes of Anaplasma species by 
using Orthofinder 2.5.4 (37), after eliminating the 
poorly aligned positions and divergent regions by us-
ing Gblocks 0.91b. We aligned trimmed sequence by 
using Muscle 5.1 (R.C. Edgar, unpub. data, https://
doi.org/10.1101/2021.06.20.449169) and constructed 
the phylogenetic tree by using iqtree 2.2.0.3 (38). Fur-
thermore, we conducted phylogenetic analyses on A. 
capra gltA, groEL, 16S rRNA, and msp4 genes obtained 
from infected goats and ticks by using the maximum-
likelihood method in MEGA11 (39).

Functional Analysis of Predicted Genes
To find difference in the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) between the 2 strains of A. cap-
ra and other species in the genus Anaplasma, were an-
notated orthogroup sequences by using KOfam 1.4.0 
(40) and illustrated them using a Venn diagram. We 
used the software eggNOG-Mapper 2.1.7 to deter-
mine the Clusters of Orthologous Group (COG) cat-
egories for protein encoding regions (41).

Results
Forty-three (59.7%) of 72 goat blood samples were 
positive for gltA gene of A. capra. We chose 2 blood 
samples (1 from a 2-year-old female goat in Shan-
dong Province and another from a 10-month-old fe-
male goat in Guizhou Province) (Appendix Figure 
1) for next-generation sequencing because they had 
high bacterial loads (8.4 × 106 gltA gene copies/mL 
blood for the goat in Shandong Province and 2.0 × 106 

gltA gene copies/mL blood for the goat in Guizhou 
Province) as estimated by qPCR (Appendix Table 1). 
In addition, we visualized A. capra by specific FISH in 
erythrocytes on the blood smear prepared from the 
goat in Shandong Province for next-generation se-
quencing (Figure 1).

The metagenome sequencing resulted in >38 mil-
lion 150-bp clean reads from each sample. Despite 
primary removing of host DNA, 95.9% and 93.3% of 
reads in the 2 samples were mapped to the goat ge-
nome and discarded. The remaining reads were sub-
sequently de novo assembled into contigs by using 
the SPAdes 3.15.3 with meta parameters (31). The 2 
assembled A. capra genomes were named A. capra str. 
BIME1 (GenBank accession no. GCA_025628785.1) 
and A. capra str. BIME2 (GenBank accession no. 

GCA_025628805.1), and had a higher level of com-
pleteness (99.79% for BIME1 and 99.36% for BIME2). 
The genome of A. capra was the smallest (≈1.07 Mb) 
among those in the genus Anaplasma and the second 
smallest genome of the family Anaplasmataceae, just 
after Neorickettsia sennetsu (0.859 Mb) (24). The ge-
nome sequences of the 2 strains shared 99.89% nucle-
otide similarity with each other.

We compared the 2 A. capra genomes with other 
representative species strains in the genus Anaplasma 
(Appendix Table 3). The G+C content (48.3% for both) 
of the 2 A. capra genomes was similar to those of A. ovis, 
A. marginale, and A. centrale, which are all intraerythro-
cytic pathogens. The A. capra genomes yielded a total 
of 929 and 932 genes, of which 862 and 863, respec-
tively, represented coding sequences. They possessed 
37 tRNAs and a complete ribosomal RNA operon, in 
which the 16S rRNA gene was separated from the 23S-
5S rRNA gene pair (Figure 2) as displayed by other 
members of the order Rickettsiales (42). The 2 strains 
of A. capra and other intraerythrocytic Anaplasma spe-
cies, including A. ovis, A. centrale, and A. marginale, con-
tained comparable numbers of pseudogenes that have 
lost functions owing to mutation accumulation and are 
observed more frequently in obligate intracellular bac-
teria where the lost gene functions are compensated 
by the host cells (43). Of note, A. phagocytophilum has 
≈4-fold more pseudogenes than the other Anaplasma 
species (Appendix Table 3).

The estimated values of ANI and DDH between 
A. capra and other Anaplasma species suggested that A. 
capra were distinct from the other species. On the basis 
of ANI values, A. capra str. BIME1 was most similar 
to A. marginale, whereas A. capra str. BIME2 was most 
similar to A. ovis. The DDH results revealed that both A. 
capra strains were most close to A. marginale (Appendix 
Table 4). The phylogenetic analysis based on the single 
copy genes revealed that the 2 A. capra strains together 
occupied a distinct branch and were more closely re-
lated to A. ovis, A. marginale, and A. centrale than to A. 
phagocytophilum and A. platys in the genus Anaplasma 
(Figure 3, panel A). To explore the gene differences in 
species in the genus Anaplasma, we used Orthofinder 
(37) to identify the homologous genes. All species in 
the genus Anaplasma shared 643 genes in common, and 
the 2 A. capra strains together with other intraeryth-
rocytic Anaplasma species (A. ovis, A. centrale, and A. 
marginale) shared 75 genes that are not present in the 
other 2 species, A. phagocytophilum and A. platys. Com-
pared with other members of the genus Anaplasma, 14 
genes were not possessed by A. capra. Of note, a total 
of 54 genes were only shared by the 2 A. capra strains, 
which had other 14 distinct genes in BIME1 and 10 in 
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BIME2 (Figure 3, panel B). In addition, we identified 25 
virulent genes in the 2 A. capra strains that were shared 
by all the species in the genus of Anaplasma, including 
virB2 gene family, virB6 gene family, virB4 gene family, 
virB8 gene family, virB9 gene family, and virB3, virB7, 
virB10, virB11, virD4, and Ats-1 genes that encode the 
type 4 secretion system and membrane protein-encod-
ing genes (Appendix Table 5).

Among the 54 unique genes of A. capra, a total 
of 37 were unclassified, none of which was assigned 
to any KEGG category. Six of the remaining 17 genes 
were associated with metabolic processing, 5 genes 
were related to genetic information processing, and 
6 were involved in signaling and cellular processing 
(Appendix Table 6). Among them, the most notewor-
thy of genes were RSF1, a gene related to the repair 
of DNA double-strand breaks (44), and desk, which 

encodes a protein acting as a kinase at cold tempera-
tures in Bacillus subtilis (45).

We classified the coding proteins of the 2 A. capra 
strains (BIME1 and BIME2) into functional clusters of 
orthologous group (COG) categories and compared 
them with those of representative species strains in the 
genus Anaplasma (Appendix Table 7). Most proteins 
were involved in translation, ribosomal structure and 
biogenesis, energy production and conversion, and nu-
trient (including amino acid, nucleotide, carbohydrate, 
coenzyme, and lipid) transport and metabolism, all of 
which were essential for bacterial survival. Of note, the 
number of genes encoding cell wall and membrane in 
A. platys was substantially lower than those of other 
Anaplasma species. In addition, ≈10% of the proteins 
did not assign to any COG category and were classi-
fied as function unknown in each species.
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Figure 1. Anaplasma capra in 
the erythrocytes of an infected 
goat detected by fluorescence in 
situ hybridization (FISH) in study 
of emerging intraerythrocytic 
A. capra and high prevalence 
in goats, China. Glowing red 
indicates A. capra; blue indicates 
leukocyte nucleus stained with 
fluorescent antibody blocker 
containing DAPI. A) FISH results 
under fluorescence microscope of 
A. capra. B) FISH results of  
A. capra–negative blood smear. 
C) FISH results showing different 
shapes and sizes of A. capra  
in erythrocytes.



RESEARCH

We screened blood samples from 3 flocks of 54 
goats in Shandong Province and a flock of 18 goats 
in Guizhou Province (Appendix Figure 1) by using 
nested PCR and qPCR targeting different regions of 
the gltA gene (Appendix Table 1). The overall positive 
rate was 59.7% (95% CI 48.4%–71.0%), and the positive 
rate was significantly higher among goats in Guizhou 
Province than in Shandong Province (77.8% vs. 53.7%; 
p<0.001). Accordingly, among the H. longicornis ticks 
collected from the same sites of the positive goats, the 
overall positive rate was 8.0% (95% CI 4.2%–11.8%), 
and the A. capra infection rate was significantly higher 
among ticks in Guizhou Province than that in Shan-
dong Province (15.8% vs. 4.9%; p<0.001) (Appendix 
Table 8). To understand the genetic diversity, we am-
plified A. capra 16S rRNA (1,500 bp), groEL (1264 bp), 
and msp4 (799 bp) genes from those positive samples. 
We compared the nucleotide identities for each gene 
sequence and (Appendix Figures 2–5; GenBank acces-
sion numbers are provided).

The gltA genes amplified from either goats or ticks 
in this study had 99.7%–100% identity with each other 
and with the strain that infected humans (Appendix 
Figure 2). The phylogenetic analysis based on gltA gene 
revealed that the A. capra sequences in this study were 
in an independent cluster from those previously re-
ported in various animals from China and South Korea 
but distinct from those detected in wild and domestic 
animals from Europe and Kyrgystan. The South Korea 

water deer seemed to be capable of carrying both vari-
ants of A. capra (Figure 4, panel A). No A. capra groEL 
gene was acquired from tick samples, and the sequences 
from goats shared 99.4%–100% identity with each other 
and 99.8%–100% with sequences from humans (Ap-
pendix Figure 3). Similarly, the phylogenetic analyses 
based on the groEL gene revealed that A. capra strains 
of this study clustered with those from humans, dogs, 
and domestic ruminants in Asia but were distinguished 
from those in Europe (Figure 4, panel B). The entire 16S 
rRNA gene sequences (1,500 bp) of A. capra detected in 
goats and H. longicornis ticks from either Shandong or 
Guizhou Province shared average similarity of >99.7% 
from each other and from the sequence detected in hu-
mans (Appendix Figure 4). The phylogenetic tree based 
on 16S rRNA gene sequences indicated that all the A. 
capra strains detected in this study were in the same 
clade with previously reported strains in Asia (Figure 
4, panel C). The A. capra msp4 gene sequences were also 
relatively conserved (Appendix Figure 5) among the 
goats and ticks, and the topology of phylogenetic tree 
based on msp4 gene were similar to that based on the 
16S rRNA gene, in which all A. capra sequences clus-
tered in the clade different from other members of Ana-
plasma species (Figure 4, panel D).

Discussion
Whole-genome assembly of obligate intracellular bac-
teria has usually been hindered by the DNA presence 
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Figure 2. Circular map of Anaplasma capra strains BIME1 and BIME2 genomes in study of emerging intraerythrocytic A. capra and high 
prevalence in goats, China. The outermost ring shows the genome size in 100-kb increments. Moving inward, the blue-green and red 
marks indicate the coding sequences on the reverse and forward strands. The fourth ring represents the sequencing depth. The fifth 
ring shows the G+C skew, and the sixth rings show and G+C content. The location of groEL and gltA genes and the complete ribosomal 
RNA genes (5S rRNA, 16S rRNA, and 23S rRNA) within the genome are indicated.
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of host cells. In this study, we first assembled 2 com-
plete genomes of A. capra from the red blood cells of 
infected goats by using the metagenomic sequencing 
strategy. Because A. capra is an intraerythrocytic patho-
gen (1,29), we separated erythrocytes from the periph-
ery blood of the infected goats and then lysed them for 
maximum removal of goat DNA. After metagenomic 
next-generation sequencing, we discarded the remain-
ing goat genomic sequences and successfully assem-
bled the A. capra genomes from 2 infected goats. The 
high percentage of reads from goat could be attribut-
able to the low abundance of A. capra in erythrocytes or 
the fact that all other host cells rather than erythrocytes 
were not totally removed during the isolation of eryth-
rocytes. In any case, the completeness of the 2 A. capra 
genomes are up to 99.79% for BIME1 and 99.36% for 
BIME2. The genome sizes obtained in this study reach 
1,066,874 bp for BIME1 and 1,059,758 bp for BIME2. 
Therefore, their predicted sizes are ≈1.07 Mbp, which 
remain the smallest genome in the genus of Anaplasma. 
The phylogenetic analysis based on genome sequences 
and the comparative analyses of genomic characteris-
tics provide the evidence that A. capra is closely related 
to other intraerythrocytic Anaplasma species, including 
A. ovis, A. centrale, and A. marginale.

The genome of A. capra consists of a single circu-
lar chromosome with a total size of 1.07 Mbp and has 

862 protein-coding genes, which is smaller than other 
Anaplasma species. In fact, all the Anaplasma genomes 
sequenced so far are relatively small compared with 
free-living bacteria. The small genome size might be 
because a part of the intracellular bacterial functions 
has been compensated by the host cells, a process of 
reductive evolution that has occurred in the order 
Rickettsiales because of long-term intracellular as-
sociation with eukaryotic hosts (46). This reductive 
evolution is associated with the frequent formation of 
pseudogenes, affecting distinct loci in different spe-
cies (47). Moreover, we found that the G+C content 
of A. capra is close to that of A. ovis, A. marginale, and 
A. centrale. Of note, their relatedness also seems to be 
closest according to the phylogenetic analysis. The 
common invasiveness of erythrocytes also accounts 
for their high similarity.

A limitation of this study is that both the A. capra 
genomes were directly derived from the blood sam-
ples of infected goats through metagenomic next-gen-
eration sequencing. Unfortunately, we did not obtain 
the genomes at chromosome level, which usually re-
lies on 3rd-generation sequencing of an isolate. In any 
case, this study reveals the genomic characteristics of 
A. capra and sheds light on its genetic diversity.

The high prevalence of A. capra in goats from 
Shandong and Guizhou Provinces in this study  
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Figure 3. Phylogenetic tree and genomic comparison among Anaplasma species in study of emerging intraerythrocytic A. capra 
and high prevalence in goats, China. A) Phylogenetic tree of Anaplasma species based on all the genomic sequences deposited in 
GenBank, constructed by using maximum-likelihood method with Ehrlichia chaffeensis as an outgroup. The percentages of replicate 
trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) are shown next to the branches. B) 
Differences in gene contents among Anaplasma species strains. Venn diagrams show the distribution of shared and unique gene 
clusters among representative Anaplasma species.
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further indicate that domestic ruminants might be the 
main animal hosts, as suggested by previous studies 
(2–5). H. longicornis ticks collected from the same sites 
of the positive goats either in Shandong Province or 
Guizhou Province are naturally infected with A. capra,  

implying the role of the tick species in transmission 
of the pathogen. Phylogenetic analyses based on 
the gltA and groEL genes demonstrate that A. capra 
strains detected from goats and H. longicornis ticks in 
this study are clustered in the same clade with those 
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Figure 4. Phylogenetic analysis of Anaplasma capra based on nucleotide sequences of 4 genes in study of emerging intraerythrocytic 
A. capra and high prevalence in goats, China. A) Phylogenetic tree based on 536 bp nucleotide sequence of gltA. B) Phylogenetic tree 
based on 620 bp nucleotide sequence of groEL. C) Phylogenetic tree based on 860 bp nucleotide sequence of 16S rRNA. D) Phylogenetic 
tree based on 642 bp nucleotide sequence of msp4. We performed bootstrap analysis of 1,000 replicates to assess the reliability of the 
reconstructed phylogenies. GenBank accession numbers are provided. Scale bars show estimated evolutionary distance.
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from humans, domestic ruminants, dogs, and Korean 
water deer (2,3,5,10). Of note, another clade of A. cap-
ra strains is mainly found in the wild and domestic 
animals from Europe and Kyrgyzstan (6,10,48). Those 
findings suggest that the enzootic cycles in various 
regions of the world might be different. Public health 
professionals should pay enough attention and for-
mulate prevention and control strategies to reduce 
the health threat of the emerging tickborne pathogen 
to humans in other countries besides China.
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Brucellosis is a bacterial disease that affects popu-
lations of livestock and humans, as well as their 

respective economies, throughout the world (1–4). 
Three of the Brucella species are highly virulent to 
their natural hosts, as well as to humans, and are con-
sidered endemic in most countries, predominantly in 
resource-limited settings (1,2,4,5). Those species are 
B. abortus, which primarily infects cattle; B. melitensis, 
which infects sheep and goats; and B. suis, which in-
fects mainly swine (4). Of interest, although Brucella 
infections are a considerable concern for livestock 
and are known to be zoonotic, human brucellosis 
is less recognized and understood (1,4). In humans, 
the disease is typically characterized by nonspecific 
influenza-like illness manifesting as undulating fever, 
sweats, fatigue, and malaise, which are similar signs 
and symptoms to those of malaria, one of the most 
commonly acquired infectious diseases in resource-
limited regions (1,2,4). Furthermore, undulant fever, 
arthritis, myocarditis, and neuropathies can occur 

among chronic cases of human brucellosis (1,4). Hu-
mans are normally exposed to Brucella spp. by con-
suming unpasteurized milk products or handling 
contaminated tissues such as aborted livestock pla-
centas (4). Those exposure pathways put raw milk–
product consumers, livestock owners, abattoir work-
ers, and veterinarians at high risk of acquiring the 
disease within endemic areas (4).

Despite the established recognition of the zoonot-
ic risk worldwide (2,6,7), the number of new human 
brucellosis cases annually remains unclear (8). For 
decades, researchers have attempted to identify the 
global and regional impact of this disease. However, 
all previous efforts to quantify the annual number of 
new cases either have not been based on sufficient, 
documented evidence (9) or have concluded that it 
was not possible to accurately determine the global 
incidence of this disease using results available from 
the scientific literature (10,11). In addition, annual in-
cidence cannot be estimated solely from human bru-
cellosis cases reported to intergovernmental public 
health institutions because of incomplete data and 
lack of representation among geographic regions (8).

To enhance understanding of the disease’s ef-
fects worldwide, we aimed to identify at-risk human 
populations worldwide, estimate the risk for popula-
tions for which there are currently no available data, 
estimate the risk of acquiring human brucellosis both 
globally and regionally, and estimate annual inci-
dence. We produced these estimates using animal 
and human brucellosis data reported to the World Or-
ganization of Animal Health (WOAH, formerly OIE) 
and human population data reported to the World 
Bank. To the best of our knowledge, the use of this ap-
proach has not previously been attempted. To accom-
plish these goals, we used 3 data sources: reported 
animal data that indicates the presence of B. abortus, 
B. melitensis, and B. suis among the 182 WOAH mem-
ber states; reported human data compiled by WOAH 
demonstrating the presence of human brucellosis by 
country, without regard for Brucella species; and ru-
ral human population counts within these countries 
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(those with the highest likelihood of contact with 
livestock) from the World Bank. We used 3 distinct 
statistical approaches, weighted average interpola-
tion, bootstrap resampling, and Bayesian hierarchical 
modeling, to estimate incidence and assess the con-
fidence of our results. Our findings suggest that the 
severity and magnitude of global human brucellosis 
incidence have been significantly underestimated.

Materials and Methods
Although precise estimates of the annual incidence of 
human brucellosis cannot be obtained using existing 
data repositories or scientific reports alone (8,10,11), 
this study combines existing data sources and analy-
ses from 3 statistical models to provide estimates of 
the annual incidence rates and characterize the uncer-
tainty of these estimates. The data used in our analyses 
represent a combination of open-source data provided 
by WOAH, showing the presence of disease in ani-
mals and human case counts, and by the World Bank, 
showing national human populations and percentage 
of rural human populations. The statistical models we 
propose range from simple weighted average interpo-
lation, to bootstrap resampling, and finally to Bayes-
ian hierarchical models. We also estimate the risk by 
geographic region (Appendix Figure, https://ww-
wnc.cdc.gov/EID/article/29/9/23-0052-App1.pdf). 
We define population risk (i.e., incidence proportion) 
as the ratio of new cases within a population relative 
to the total population at risk. Consequently, the num-
ber of new cases could be calculated by multiplying 
the total population at risk by the population risk. This 
relationship between incidence, the population at risk, 
and population risk served as the basic framework for 
all statistical models. Because of the sharp decline in 
available information during the COVID-19 pandemic 
(8), we used data from the most recent uninterrupted 
5-year timeframe (i.e., 2014–2018) (Appendix). To en-
sure best reporting practices, we conducted the study 
under the Guidelines for Accurate and Transparent 
Health Estimates Reporting (GATHER) (12).

General Modeling Procedures
To estimate the baseline human brucellosis incidence 
data at country and regional levels, we followed the 
methods described in Laine et al. (8). We first stratified 
the global human population into mutually exclusive 
country and region groups. To provide a population 
scale for individual countries, we added the World 
Bank estimates for each year (2014–2018) (13,14) into the 
dataset. Second, to provide a means of geographic com-
parison, we grouped the individual WOAH member 
countries into 4 continental regions (Africa, Americas,  

Asia, or Europe), as specified by WOAH (5). We ex-
cluded Oceania because its 7 countries and 132 total re-
ported case counts (RCCs) during 2014–2018 provided 
insufficient data to statistically estimate case counts; 
those countries have small populations relative to the 
rest of the world, so they do not substantially affect 
the overall results. Subsequently, we categorized dif-
ferences in reporting methods by each country into a 
mutually exclusive group (e.g., informative versus un-
informative) on the basis of the information presented. 
Informative reports specified a quantified RCC within 
the report (RCC >0). Uninformative reports provided 
no quantified information on the human brucellosis 
status of the country. Because we assessed a 5-year 
timeframe and not every country reported annually, 
we took the average RCC as the input parameter from 
each of the countries that reported >3 of 5 years.

We used our observed RCC input parameters to 
estimate case counts for the uninformative reports, 
providing values for the overall regional and global 
incidence estimates. Specifically, to calculate the 
overall incidence, we divided the RCC input param-
eters by their respective populations at risk for the 
country-level risk (Appendix Figure); this parameter 
is essential for estimating among each of the models. 
Country-level risk is equivalent to incidence propor-
tion, which can simply be referred to as risk. We ap-
plied this risk, through 3 models (Appendix), to es-
timate risk for those countries that did not provide 
RCCs for the study timeframe. After we used each 
model to estimate the risk for nonreporting countries, 
we multiplied the risk against each of the respective 
populations at risk to estimate incidence.

One of the most important risk factors for acquir-
ing brucellosis is close contact with infected livestock, 
especially by engagement in activities known to in-
crease the risk for infection, such as consuming raw 
milk and handling infected tissues (4,15,16). Of inter-
est, we found no evidence in previous studies to sug-
gest a certain livestock-to-human ratio as a risk fac-
tor. Furthermore, brucellosis is known to be routinely 
maintained and transmitted in transhumant herds, 
and wild animals and can propagate in areas with 
sparse livestock populations (17–20). What matters 
for transmission is the probability of contact, driven 
by the infected to susceptible ratio (routine sustained 
contact between infectious livestock or products and 
susceptible humans is more likely on smallholder 
farms in rural settings) (17). The degree of infection 
in the human population is, therefore, representa-
tive of the amount of interaction between infected 
animals or products and susceptible humans. World-
wide, most livestock reside in rural areas where it is 
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common practice to consume raw milk; therefore, we 
used the World Bank dataset identifying the percent-
age of each country’s population that resides in rural 
areas and multiplied it by the total population of each 
country to calculate the population at risk for each 
country (Appendix Figure). We segregated at-risk 
populations at the country level into different catego-
ries: rural populations in every country where bru-
cellosis was reported in humans, rural populations in 
every country that reported the disease in livestock 
but that had not submitted RCCs, and rural popula-
tions in every country that did not report RCCs or the 
absence of Brucella spp. in livestock (Appendix).

Results
Previous studies have indicated that an accurate 
global disease incidence estimation is not pos-
sible using reported human data (8). Therefore, 
we used a novel approach to estimate disease in-
cidence along with the uncertainties of those esti-
mates. Our estimates used both human and animal  
information to identify human at-risk popula-
tions worldwide, estimate risk for populations for 
which there is currently no available data, estimate 
the risk of acquiring human brucellosis globally  
and regionally, and estimate annual global and re-
gional incidence.
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Figure 1. Percentage 
completeness of World 
Organization of Animal Health 
annual reports that provide 
information on each of the zoonotic 
Brucella species, by worldwide 
region, 2014–2018. Each point on 
the plot denotes the 5-year average 
percentage completeness of 
reports from an individual country. 
Reporting the presence or absence 
of all Brucella species (B. abortus, 
B. melitensis, and B. suis) equates 
to 100%. Bar tops indicate mean % 
completeness for each region and 
error bars indicate SDs from  
each mean.

Figure 2. Heat map of global 
annual incidence of human 
brucellosis estimated per 1 
million population at risk.  
Overall global risk is defined 
by the weighted average 
interpolation data (total number 
of new cases/total population 
at risk × 1 million). The global 
average is ≈500 new cases  
per 1 million persons at risk. 
The heat scale shows high 
risk to low risk; yellow (>4,000 
cases) to blue (<1 case). This 
heatmap is intended to represent 
transnational zones that require 
priority control or surveillance 
initiative, not to represent the risk 
for individual countries.
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Determination of At-Risk Human Populations
Analysis of the livestock datasets indicates that  
during 2014–2018 a total of 83.1% (2,269/2,730)  
(population SD 29.4%) of the livestock brucellosis data 
were provided for the 3 Brucella species (Figure 1), com-
pared to 48.4% of human brucellosis data (8). Specifical-
ly, from the lowest to the highest percentage of reports, 
Africa provided 69.1% of the expected information on 
Brucella spp. (549/795, SD 36.2%), the Americas 77.2% 
(359/465, SD 33.9%), Asia 87.3% (642/735, SD 23.2%), 
and Europe 97.5% (614/630, SD 10.6%) (Figure 1). Be-
cause we had more complete data for livestock than hu-
man disease at both the global and regional levels, we 
used livestock data as the basis to estimate disease in-
cidence. Even so, a limiting factor in using the livestock 
data was the incompleteness of B. suis, 76.5% (696/910, 
SD 40.0%) data compared with B. melitensis, 81.4% 
(741/910, SD 35.5%) and B. abortus, 91.4% (832/910, 
SD 24.4%) data. That information is unavailable for hu-
man disease, which further supports our decision to 
base our analyses on livestock data to identify which 
Brucella species is afflicting each population.

Worldwide, 82.3% (144/175) of countries and 
43.2% (3.2 billion/7.4 billion) of persons were con-
sidered at risk. By region, 92.5% (49/53) of the coun-
tries and 57.5% (0.69 billion/1.2 billion) of persons 
in Africa, 85.7% (42/49) of countries and 47.7% (2.1 
billion/4.4 billion) of persons in Asia, 80.6% (25/31) 
of countries and 19.4% (0.19 billion/0.98 billion) of 
persons in the Americas, and 66.7% (28/42) of coun-
tries and 24.3% (0.18/0.74 billion) of persons in Eu-
rope were at risk. As noted, the model included only 

175/182 countries; all of the countries from Ocea-
nia were excluded because of incomplete reporting, 
the small number of countries (7 total) and at-risk  
population numbers (7.6 million) involved, and the 
small number of RCCs (132 RCCs over 5 years).

Determining the Risk of Acquiring Human Brucellosis
Identifying the human populations that are most at 
risk of acquiring brucellosis is pivotal for the design 
and implementation of interventions to mitigate dis-
ease spread. Therefore, we used the information from 
countries that reported human disease to calculate the 
level of risk for their populations at risk. We entered 
generated data into ArcMap (Esri, https://www.arc-
gis.com) to produce heat maps. The global average risk 
was ≈500 new cases/1 million persons (Figure 2). As 
expected, the maps demonstrate distinct epidemiolog-
ic differences between the regions; Africa reflects most 
of the risk, followed by Asia, then the rest of the world.

Estimating Annual Incidence
After population risk assessment, we used 3 models 
to determine annual incidence. By weighted average 
interpolation model, the estimated incidence was 
1,621,468; by bootstrap resampling model, the mean 
estimated incidence was 1,691,666; and by Bayesian 
hierarchical model, the mean estimated incidence 
was 2,096,080 (Table). Of interest, the models com-
puted similar results between the means and medians 
both regionally and globally (Table), suggesting some 
robustness in each approach despite the individual 
strengths and weaknesses of each. The conservative 
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Table. Estimated annual incidence of human brucellosis worldwide determined by using 3 statistical models* 

Region 
Estimated human cases 

2.5% Quantile 25% Quantile Median 75% Quantile 97.5% Quantile Total Mean (SD) 
Weighted average interpolation 
 World 1,621,468       
 Asia 1,103,122       
 Africa 514,001       
 Americas 3,335       
 Europe 1,010       
Bootstrap resampling 
 World  1,691,666 (975,292) 679,393 1,080,049 1,416,482 1,906,564 4,651,474 
 Asia   1,172,573 (959,859) 261,493 566,081 887,126 1,355,607 4,107,355 
 Africa  513,928 (171,607) 257,863 380,681 487,549 624,155 902,139 
 Americas  3,343 (214) 3,133 3,181 3,272 3,448 3,912 
 Europe  1,821 (424) 1,595 1,632 1,688 1,818 3,717 
Hierarchical Bayes† 
 World  2,096,080 (1,754,315) 568,038 1,063,620 1,592,291 2,511,881 6,616,334 
 Asia  1,622,446 (1,680,985) 246,536 639,906 1,117,309 1,993,573 5,972,342 
 Africa  468,321 (291,337) 168,919 283,125 393,384 562,957 1,210,226 
 Americas  3,425 (362) 3,133 3,215 3,319 3,503 4,347 
 Europe  1,889 (446) 1,593 1,654 1,746 1,944 3,050 
*Calculation of uncertainty intervals in the weighted average interpolation method was not performed due to the nature of the model. During bootstrap 
resampling, uncertainty intervals were calculated using one million resampled risk estimates based on observed reported case count values.  
†The hierarchical Bayes model intervals were calculated using 1 million posterior samples. Posterior distributions were estimated using a Markov chain 
Monte Carlo (MCMC) algorithm based on observed reported case count values. For the MCMC algorithm, 50,000 burn-in iterations were performed 
before the samples were retained. 
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global annual incidence was 1.6–2.1 million new cases 
across models. When we analyzed the data by region, 
Asia (1.2–1.6 million cases) and Africa (0.5 million 
cases) accounted for most of the cases. Nonetheless, 
there were also a substantial number of cases in the 
Americas and Europe. Differences in the results be-
tween models were mainly between the smoothness 
of the resampling histograms (Figures 3, 4) and the 
distribution of CIs (Table) produced by the bootstrap 
resampling and hierarchical Bayes frameworks. All 
models indicated that the global annual incidence of 
human brucellosis is many times larger than previ-
ously thought (9).

Using the observed information provided from 
Europe, the region with the strongest surveillance 
systems and most complete reports for both humans 
and livestock, we determined each model’s accu-
racy in representing the behavior of the system. We 
estimated 1,010 new cases by weighted average in-
terpolation model, 1,821 cases by bootstrap resam-
pling, and 1,889 cases by hierarchical Bayes model 
annually in Europe. The average value of empirical 

annual RCCs from Europe provided by WOAH was 
1,771 cases/year; range was 727–5,329. Together with 
similar results between the means and medians of the 
models, our findings support both internal and exter-
nal model validity.

Overall Regional Risk Assessment
We assessed the overall risk at the regional level of 
acquiring human brucellosis using the incidence 
and population at risk data and subsequently ap-
plying this information to generate heat maps for 
a visual interpretation of regional risk. As we ex-
pected, all regions analyzed in this study have some 
degree of disease risk, which is primarily focused 
within the tropics. However, the magnitude of the 
risk differed substantially among and within regions 
(Figure 5). Africa is at most significant risk (Figure 
5, panel A), followed by Asia (Figure 5, panel B), 
the Americas (Figure 5, panel C), and Europe (Fig-
ure 5, panel D). Within Africa (Figure 5, panel A), 
all but 4 countries are considered high risk, and 3 
of those countries are island nations. Major hotspots 
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Figure 3. Estimated distribution 
of annual human brucellosis 
incidence as determined by 
bootstrap resampling model for 
Africa (A), Asia (B), Americas 
(C), and Europe (D) and globally 
(E).  Histograms generated via 1 
million sample iterations based on 
observed reported case  
count values.
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occur in the equatorial regions of the east and west, 
followed by the southern region, and the northern 
Saharan subregion. In Asia, the major risk hotspot 
is localized in the Middle East subregion (Figure 
5, panel B). With the exception of 6 countries, 5 of 
which are island nations, all countries in Asia are 
considered to be at risk, and risk levels are increased 
in the central, south, and southeast subregions. Al-
though the Americas (Figure 5, panel C) experience 
less risk, there is more significant subregional varia-
tion than in Asia and Africa. Central America expe-
riences most human brucellosis risk. South America 
follows, having major hotspots in the northern and 
southern portions of the continent. North America 
experiences the least risk in this region. Finally, Eu-
rope (Figure 5, panel D) is considered to have the 
least risk of all the analyzed regions, having a major 
hotspot in the Eastern Mediterranean area and in-
creased risk in the central subregion.

Discussion
This study provides an empirically based estimate 
of human brucellosis incidence and associated risk 
for persons worldwide, suggesting a reality that at 
least 1.6–2.1 million new cases of human brucellosis 
likely occur every year. This estimate differs signif-
icantly from one of the most cited references in the 
brucellosis field (9), which predicts an incidence of 
500,000 new cases yearly. Although that previous 
estimate was not rigorously justified using empiri-
cal data, the estimate of 500,000 new cases has been 
assumed and used worldwide as a key factor for 
determining the disease’s global significance and 
effect on humans. The continued use of that esti-
mate can be attributed mainly to the paucity of data 
presented by the international reporting system 
and a lack of empirical evidence that caused the 
scientific community to ignore the burden of this 
disease (8). As a solution, in this study, we used 
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Figure 4.  Estimated distribution 
of annual human brucellosis 
incidence as determined by 
Bayesian hierarchical model for 
Africa (A), Asia (B), Americas 
(C), and Europe (D) and globally 
(E). Histograms generated via 1 
million sample iterations. Posterior 
distributions were estimated using a 
Markov chain Monte Carlo (MCMC) 
algorithm based on observed 
reported case count values. For the 
MCMC algorithm, 50,000 burn-in 
iterations were performed before the 
samples were retained.
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human and animal data and a range of statistical 
methods to provide a better understanding of glob-
al brucellosis incidence.

It is essential to highlight that we did not incor-
porate disease misdiagnosis and underdiagnosis 
into our statistical models as parameters because 
of limited data. If we had, brucellosis estimates 
would have been even higher. In areas to which 
malaria and brucellosis are endemic, recent scien-
tific data indicate that 21%–50% of human brucel-
losis cases were initially misdiagnosed as malaria, 
and 4%–11% of the total cases initially diagnosed as 
malaria were later identified as brucellosis (14,15). 
In 1 study, 51% of brucellosis cases were initially 
misdiagnosed as typhoid fever or pneumonia, and 
13% of the total cases initially diagnosed as those 
2 diseases were later identified as brucellosis (14). 
Underdiagnosis can arise from several deficiencies 
in medical and public health systems. Examples in-
clude a lack of diagnostic capacity, a lack of knowl-
edge by diagnosticians, and a lack of awareness of 
public health practitioners to prioritize the disease. 
Current data are inadequate to estimate the extent 
of those problems worldwide. Given the magni-
tude of the reported malaria and typhoid incidence 

within brucellosis-endemic zones, incorporating 
those effects would likely increase the estimated 
disease incidence by millions of cases per year. Fu-
ture research into human brucellosis misdiagnosis 
and underdiagnosis is necessary for further insight 
into disease burden (Appendix).

The data and analyses we present demonstrate 
that only a small proportion of the world’s popula-
tion is not subject to brucellosis disease risk. Most 
human brucellosis cases come from regions with 
highly dense at-risk populations (Figures 2, 5). 
These results should be considered in the context 
of previous studies, which suggest that far less data 
were being collected in 2022 than 15 years earlier 
(8). Combined with the continuing increase in the 
world population, particularly in Africa (8), there 
is substantial evidence that world populations are 
more at risk now than in the past. When the regions 
are viewed separately, Asia and Africa account for 
most of the risk and incidence of human brucellosis 
(Figures 2, 5). Moreover, among countries in Africa, 
inadequate or nonexistent public and animal health 
programs perpetuate the status quo (7,8,16,21). 
This uncontrolled disease situation, accompanied 
by rapid population growth and increased demand 
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Figure 5. Heatmaps of regional 
annual incidence of human 
brucellosis estimated per 1 
million population at risk. Each 
region has a different scale 
for incidence per 1 million 
population at risk. Heatmaps 
are intended to represent 
transnational zones that require 
priority control or surveillance 
initiative, not to represent the 
risk of individual countries. The 
heat scale shows high risk to 
low risk; yellow to blue. A) Africa: 
average risk is ≈750 new cases 
per million; high is >3,000. B) 
Asia: average risk is ≈500 new 
cases per million; high is >4,000. 
C) Americas: average risk is ≈20 
new cases per million; high is 
>75. D) Europe: average risk is  
≈10 new cases per million;  
high >100.
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for animal products, provides an unfortunate out-
look for the future of brucellosis control across this 
entire region. Although risk is spread across the en-
tire Asia region, the primary hotspot occurs in the 
Middle East. This increased risk is likely the result 
of having close contact with small ruminants and 
consuming their raw milk products (22).

The Americas also have a uniform spread of 
risk across the region with distinct hotspots. Cen-
tral America has the highest risk, followed by 
northern and southern South America. Farming in 
this region includes cattle, small ruminants, and 
pigs and routinely includes interaction with their 
infected tissues and fluids. In addition, countries 
not endemic for the disease incur cases resulting 
from travel and from trade of raw milk products 
across national borders (23). 

Europe has the most advanced brucellosis sur-
veillance and control programs. Countries in this re-
gion account for the most complete and representa-
tive data, along with the lowest RCCs (8), translating 
to the lowest estimated case counts and risk (Table; 
Figures 2, 5). Although Europe generally is less of a 
concern than the other regions, hotspots are present 
in the Mediterranean area; a subset of the population 
is at risk for traveler’s brucellosis, which probably ac-
counts for the increased risk within the central sub-
region. The differences in incidence and risk can be 
seen in the Eastern Mediterranean area. Similar to the 
case for the Americas, countries in Europe that are 
not endemic for the disease also incur cases related 
to factors such as travel, laboratory-acquired infec-
tions, and trade of raw milk products across national 
borders (23). Fortunately, in Europe, the medical 
infrastructure is adept in identifying and reporting 
cases to integrated surveillance networks. Because of 
the high level of completeness within that data, each 
of the 3 model estimates are close to the reported ac-
count, further supporting the model validity.

In conclusion, although the true annual incidence 
of human brucellosis remains elusive, we have com-
piled an evidence-based, scientifically computed 
estimate. This study reveals that the contemporary 
disease risk conditions most likely translate to an ap-
proximate global annual incidence that is many times 
higher than what has been previously suggested (i.e., 
conservatively 1.6–2.1 million). Furthermore, the risk 
of acquiring the disease was highest within resource-
limited regions. It is critical that research be con-
ducted to understand the role of misdiagnosis and 
underdiagnosis of human brucellosis, because those 
factors will undoubtably amplify case estimates and 
risk profiles within those regions.
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Zoonotic infections associated with animal 
bite injuries are common and can result in se-
vere illness. Approximately 5 million animal 
bites occur annually in North America, and 10 
million injuries occur globally from dog bites 
alone. Pathogens causing infections after dog 
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although their oral microbiota are known. 
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Influenza A viruses (IAVs) have pandemic po-
tential and remain a threat to human and animal 

health, mainly owing to their intrinsic ability to con-
tinually diversify and infect a broad range of host 
species. Genetic heterogeneity in the 8-segmented 
IAV genome arises from the gradual accumula-
tion of mutations (drift) owing to the low fidelity 
of the viral RNA polymerase. In addition, sporadic 

IAV gene segment exchange (shift) events can lead 
to the emergence of reassortant viruses with novel 
gene constellations and functional attributes. IAVs 
are characterized antigenically based on the hem-
agglutinin (HA) and neuraminidase (NA) envelope 
glycoproteins; HA incorporates the major epitopes 
conferring protective immunity (1–3).

Pigs are a key intermediate host species for IAV 
diversification; their susceptibility to IAVs originat-
ing from numerous mammalian (including human) 
and avian hosts enables virus reassortment and con-
tributes to the expanding genetic heterogeneity of cir-
culating swine IAV (swIAV) lineages (2,4,5). Because 
of this genetic heterogeneity, swIAVs are categorized 
according to HA phylogeny (6). Predominant vi-
ruses detected globally in swine populations belong 
to 3 main H1 genetic lineages (1A, 1B, and 1C) and 
multiple H3 clades, although antigenic and genetic 
differences might occur within these groupings ac-
cording to geographic location (6,7). In Europe, the 
Eurasian avian-like H1 1C lineage (formerly termed 
the H1avN1 clade) has been enzootic in swine since 
the 1970s; phylogenetic evidence suggests direct in-
cursion of an avian (duck)–origin virus into pigs (8). 
Subsequent reassortment with human-origin viruses 
produced the human-like H1 1B lineage (formerly 
known as the H1huN2 clade) and human-like H3N2 
clades that cocirculated in pig populations in Europe 
as antigenically distinct IAV lineages until the intro-
duction of the H1 1A.3.3.2 pandemic H1N1 (H1p-
dmN1) lineage in 2009 (9–12). The 1A.3.3.2 lineage 
continues to circulate and adapt in both pig and hu-
man populations globally and, in the swine reservoir, 
genetic mutation together with reassortment with  
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We investigated the infection dynamics of 2 influenza 
A(H1N1) virus isolates from the swine 1A.3.3.2 (pan-
demic 2009) and 1C (Eurasian, avian-like) lineages. 
The 1C-lineage virus, A/Pavia/65/2016, although phylo-
genetically related to swine-origin viruses, was isolated 
from a human clinical case. This strain infected ferrets, 
a human influenza model species, and could be trans-
mitted by direct contact and, less efficiently, by airborne 
exposure. Infecting ferrets and pigs (the natural host) 
resulted in mild or inapparent clinical signs comparable 
to those observed with 1A.3.3.2-lineage swine-origin 
viruses. Both H1N1 viruses could infect pigs and were 
transmitted to cohoused ferrets. Ferrets vaccinated with 
a human 2016–17 seasonal influenza vaccine were pro-
tected against infection with the antigenically matched 
1A pandemic 2009 virus but not against the swine-lin-
eage 1C virus. Our results reaffirm the need for continu-
ous influenza A virus surveillance in pigs and identifica-
tion of candidate human vaccine viruses.
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established lineages is driving the expansion of viral 
diversity (1,7,13). This diversification of swIAVs cir-
culating in pigs, combined with occasional transmis-
sion across the species barrier followed by host ad-
aptation and escape from previous immunity, further 
elevates potential pandemic risk (1,3) and presents a 
challenge for disease control.

Sporadic human infection with so-called variant 
(v) influenza viruses that normally circulate in swine 
continue to be reported (3,13). In recent years, H1N1v 
infections with H1 1C swIAVs have been character-
ized in Europe (14–18) and Asia (19,20), and zoonotic 
infections caused by reassortant viruses incorporat-
ing gene segments from those 1C lineages have also 
been described (21–27). Experimental data indicate 
that some isolates have increased virulence profiles 
(20,26–29). Variant cases are frequently linked to per-
sons or their contacts who have occupational expo-
sure to pigs or exposure at animal exhibits. Onward 
transmission, assessed serologically, is reportedly 
limited or does not occur.

Vaccination remains the primary approach used 
to mitigate the disease burden of seasonal influenza 
in the human population and is the main defense 
against emergent IAVs with pandemic and epidemic 
potential, which occurred most recently in 2009. The 
most widely used human season influenza vaccines 
are trivalent or quadrivalent and contain inactivat-
ed antigens from 2 IAV subtypes (H1 and H3) and 
1 or 2 influenza B virus lineages. However, because 
of constant antigenic change, contemporary IAVs 
are assessed biannually for antigenic match with 
vaccine antigens at the World Health Organization 
Vaccine Candidate Meeting, and candidate vaccine 
virus (CVV) recommendations are provided. The in-
creased diversification of swIAVs and reports of zoo-
notic transmission have necessitated additional as-
sessment of the antigenic match between CVVs and 
variant viruses and recommendation of swine-origin 
CVVs by OFFLU, the global network of expertise on 
animal influenza, should rapid vaccine antigen up-
date be required (1,30).

We used the well-established ferret model of 
human influenza infection (31–33) to investigate 2 
H1N1 viruses. The first virus was a 1A.3.3.2 lineage, 
swine-origin virus, A/swine/England/1353/2009 
(34), incorporating all gene segments highly homol-
ogous to 2009 pandemic strains isolated from hu-
mans and swine (9). The second virus was a 1C.2.1 
lineage virus, A/Pavia/65/2016 (15), which was 
associated with a human clinical case of influenza, 
but phylogenetic analysis confirmed that all gene 
segments were derived from contemporary 1C.2.1 

viruses circulating in swine herds in Italy. We first 
assessed the ability of this virus to infect ferrets and 
undergo onward ferret-to-ferret transmission by 
direct or airborne exposure. We then evaluated the 
zoonotic potential of this 1C.2.1 virus by assessing 
transmission from infected pigs to cohoused ferrets 
and compared this virus in parallel with the swine-
origin 1A.3.2.2 strain. Because swIAVs exhibit a 
higher degree of genetic and antigenic diversity 
than IAVs circulating in the human population at 
any one time, we also used the ferret model to in-
vestigate whether the human 2016–17 seasonal in-
fluenza vaccine could provide immune protection 
against the 2 swIAV strains.

Materials and Methods

Ethics Statement
We conducted in vivo studies at the Animal and 
Plant Health Agency (APHA), Addlestone, UK, in ac-
cordance with the Animal (Scientific Procedures) Act 
(ASPA) 1986 under license 70–8329 and approved by 
the APHA Ethical Review Panel. Results are reported 
according to the ARRIVE guidelines (35).

Vaccines and Viruses
We immunized ferrets with a 2016–17 Northern 
Hemisphere seasonal influenza vaccine (Agrippal; 
CSL Seqirus, https://www.csl.com) that incorporat-
ed 3 inactivated virus antigens, A/California/7/2009 
from the 1A.3.3.2 pandemic 2009 lineage (H1pdmN1), 
A/Hong Kong/4801/2014 (H3N2), and B/Bris-
bane/60/2008 (B/Victoria lineage). The H1N1 chal-
lenge strains were the 1A.3.3.2 (H1pdmN1) swine-
origin virus A/swine/England/1353/2009 (34) and 
the 1C.2.1 (H1avN1) virus, A/Pavia/65/2016 (15). 
We propagated virus stocks in cell culture or specific-
pathogen-free embryonated chicken eggs (Appen-
dix, https://wwwnc.cdc.gov/EID/article/29/9/23-
0066-App1.pdf). For consistency, we used the 
standard MDCK cell line for propagation and 50% 
tissue culture infectious dose (TCID50) titration of the 
inoculum for both virus strains (36).

Animals
We conducted the studies using 34 three-month-old 
male ferrets from a registered breeder and 10 six-
week-old Landrace cross male pigs from a commer-
cial, high–health status herd. All animals were nega-
tive for influenza A virus infection, as determined 
by absence of viral RNA in nasal samples using real- 
time quantitative reverse transcription PCR (37) 
and swIAV-specific antibodies by hemagglutination  
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inhibition (HI) assays against 4 antigens (38) and ID 
Screen competitive ELISA (Innovative Diagnostics, 
https://www.innovative-diagnostics.com) recog-
nizing the viral nucleoprotein (NP) (Appendix). All 
ferrets and pigs were implanted with a subcutane-
ous biothermal IDentiChip (Destron Fearing, http://
destronfearing.com) to monitor temperature. We 
monitored clinical signs, such as demeanor, appetite, 
temperature, and respiratory signs (e.g., coughing 
and sneezing), daily using a clinical scoring system 
designed for each species (Appendix Tables 1–4). We 
used a single subcutaneous injection of medetomi-
dine (0.04 mg/kg; Vetoquinol, https://www.veto-
quinolusa.com) and butorphanol (0.1 mg/kg; MSD 
Animal Health, https://www.msd-animal-health.
com) to place ferrets under general anesthesia for 
virus inoculation and blood sample collection. We 
reversed the medetomidine anesthesia with a subcu-
taneous injection of atipamezole hydrochloride (0.4 
mg/kg; Vetoquinol). We humanely killed animals by 
intravenous injection with pentobarbital sodium at 
study end.

Study Design
The first study assessed the ability of the H1avN1 iso-
late, A/Pavia/65/2016, to infect ferrets and transmit 

to other ferrets by direct or airborne exposure (Fig-
ure 1, panel A). We randomly divided 12 male ferrets  
into 2 groups (n = 6). In each group, 2 animals were 
inoculated by intranasal instillation of 2 × 105 TCID50 
of strain A/Pavia/65/2016 in 0.5 mL (0.25 mL per 
nostril) and cohoused them with 2 ferrets in direct 
contact; we housed 2 additional ferrets in an adjacent 
cage separated by a perforated double divider to en-
able airborne exposure to respiratory droplets with-
out nose-to-nose contact. We collected nasal wash 
samples daily from alert ferrets and took blood sam-
ples (clotted) from the jugular vein of anesthetized 
ferrets before inoculation and at study completion (14 
days postinoculation [dpi]).

The second study (Figure 1, panel B) evaluated 
the infection dynamics of the H1avN1 and H1pd-
mN1 viruses in pigs and assessed the interspecies 
transmission of these viruses from pigs to vacci-
nated or naive ferrets. We randomly distributed 20 
male ferrets into 4 groups (n = 5), then prime-boost 
vaccinated 2 groups with 1 dose (0.5 mL) of human 
seasonal vaccine administered by intramuscular in-
jection into the thigh muscle at a 21-day interval. 
Two unvaccinated ferrets were not virus exposed 
and were housed separately to serve as negative 
control animals. Blood samples (clotted and heparin 

1800 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 9, September 2023

Figure 1. Outlines of 2 studies using ferret model to investigate interspecies transmission of swine influenza A viruses and human 
seasonal vaccine-mediated protection. A) Study 1 investigated the transmission ability of the A/Pavia/65/2016 (H1avN1) isolate in the 
ferret model of human infection. In 2 replicates, ferrets (n = 2) were intranasally inoculated and then cohoused with ferrets in direct contact 
(n = 2) and another group of ferrets (n = 2) separated by a perforated double divider to enable airborne exposure to respiratory droplets. 
B) Study 2 assessed airborne respiratory droplet transmission of 2 viruses from pigs to ferrets. In separate rooms, 2 groups of pigs (n = 
5) were inoculated with either A/Pavia/65/2016 H1avN1 or A/swine/England/1353/2009 (H1pdmN1) virus and cohoused with naive (n = 
5) and human seasonal 2016–17 influenza vaccine prime-boost–vaccinated ferrets (n = 5). Symbols on the timeline represent samples 
taken. dpc, days postcontact; dpi, days postinoculation; dpv, days postvaccination; PM, postmortem examination; RD, respiratory droplet.
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anticoagulated) were taken under anesthesia from 
the jugular vein of all ferrets before first vaccina-
tion, before boost, at 35 days after vaccination, and 
at study completion.

We randomly assigned pigs to 2 groups (n = 
5) and housed them in separate rooms for inocu-
lation with either 4 × 106 TCID50 A/swine/Eng-
land/1353/2009 or 2 × 106 TCID50 A/Pavia/65/2016 
virus stocks in 4 mL (2 mL/nostril) using a MAD Na-
sal Intranasal Mucosal Atomization Device (Teleflex, 
https://www.teleflex.com). After 24 hours (corre-
sponding to 42 days after vaccination), we cohoused 
a vaccinated and a nonvaccinated ferret group (each 
n = 5) in each pig room to enable airborne respira-
tory droplet exposure in the shared airspace. We ob-
tained nasal swab (pig) and wash (ferret) samples 
daily from alert animals after inoculation or contact 
to monitor viral shedding. We obtained blood sam-
ples (clotted and heparin anticoagulated) from the 
left jugular vein of pigs before inoculation and be-
fore euthanasia. At 5 dpi, we humanely killed 2 pigs 
from each group to perform postmortem examina-
tion. We humanely killed the remaining pigs at 14 
dpi when virus shedding had ceased; we humanely 
killed ferrets at 14 dpc.

Sample Analysis
We performed sample processing as described (Ap-
pendix). To monitor nasal shedding of viral RNA, we 
extracted nasal samples using a QIAamp Viral RNA 
Biorobot Kit (QIAGEN, https://www.qiagen.com) 
and quantified the RNA present using real-time quan-
titative reverse transcription PCR directed against the 
matrix (M) gene (37). Viral RNA quantity is expressed 
as relative equivalent units (REUs) per milliliter and 
was evaluated according to a standard 10-fold dilu-
tion series of RNA prepared from each challenge virus 
stock, with known TCID50 titer. REUs provide a rela-
tive quantification of infectious virus present, inferred 
from the linear, proportional relationship between vi-
ral infectivity and viral RNA quantity standardized 
by volume of nasal sample (38), and enables rapid, 
sensitive, and direct analysis of clinical samples. We 
evaluated the humoral response as described (Ap-
pendix). We used a commercial, competitive ELISA 
(IDVet, Innovative Diagnostics) to detect NP-specific 
antibodies. The competition percent is calculated as 
(ODsample/ODnegative) × 100% and is expressed as the in-
verse, such that results <50% are considered negative. 
We used HI and virus neutralization assays (39,40) to 
evaluate antibody titers elicited by the challenge vi-
rus for each group. To monitor the cellular response, 
we assessed interferon-γ–producing peripheral blood 

mononuclear cells using the ELISpot assay (Appen-
dix). During the postmortem at 5 dpi, we collected 
pig respiratory tissues (nasal turbinate, trachea, and 
lung) in 10% (vol/vol) phosphate-buffered formalin 
for immunohistochemical analysis of NP to assess vi-
ral distribution (Appendix) (41).

Statistical Analysis
We performed statistical analyses using GraphPad 
Prism7 (GraphPad, https://www.graphpad.com) to 
calculate arithmetic and geometric means, associated 
standard deviation or error of the mean, analysis of 
variance, and associated post-hoc Tukey tests. Titer 
and REU values were logarithmically transformed. 
We used a 2-way repeated measures analysis of vari-
ance to analyze repeated measurements such as vi-
ral RNA quantity and immune response values. We 
identified statistically significant differences using 
the Tukey multiple comparisons test and considered 
results significant when p<0.05.

Results
Intranasal inoculation of ferrets with the A/Pa-
via/65/2016 isolate in study 1 (Figure 1, panel A) re-
sulted in productive infection (Figure 2, panels A–C), 
as revealed by nasal shedding of viral RNA detected 
at 2–8 dpi and seroconversion by 14 dpi, evaluated by 
NP ELISA and HI assays. Clinical signs, such as de-
meanor, appetite, temperature, and respiratory signs 
(e.g., coughing and sneezing), were normal/not ap-
parent or mild and did not exceed a total score of 4 
for any individual ferret (Appendix Tables 1–2). One 
of 4 ferrets did not shed viral RNA after direct inocu-
lation, although seroconversion was detected by NP 
ELISA and HI assays, indicating immune exposure to 
virus. This observation could reflect differences in the 
susceptibility of a genetically outbred ferret popula-
tion or experimental variation. Cohoused ferrets also 
demonstrated evidence of productive infection, in-
dicating virus transmission by direct contact. Viral 
transmission by the airborne route was not detected. 
However, respiratory droplet exposure did elicit an 
antibody response in some ferrets that was at or be-
low the lower limit of detection of the assays, possibly 
indicating immune exposure. Those results indicated 
that ferrets were a suitable challenge model for the 
A/Pavia/65/2016 H1avN1 isolate.

In study 2 (Figure 1, panel B), 10 ferrets were 
prime-boost vaccinated with a trivalent human influ-
enza vaccine from the 2016–17 season; 10 ferrets were 
not vaccinated to serve as naive control animals. The 
interval between prime and boost vaccinations was 
3 weeks, and the vaccination phase continued for a 
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further 3 weeks. We then housed 2 groups of pigs (n 
= 5) in separate rooms and inoculated with either the 
1A.3.2.2 swine-origin (H1pdmN1) virus A/swine/
England/1353/2009 (room 1) or the 1C.2.1 human 
isolate (H1avN1) virus, A/Pavia/65/2016 (room 2). 
We then cohoused a group of naive ferrets (n = 5) and 
a group of vaccinated ferrets (n = 5), held in sepa-
rate cages, with the infected pigs in each room. We 
monitored all animals daily; clinical signs were mild 
or absent according to the clinical scoring systems for 
ferrets and pigs (Appendix Tables 1–4), indicating 
that both virus strains had similar, mild pathogenesis 
profiles and infection was effectively resolved in both 
host species.

We quantified viral RNA in daily nasal samples 
to assess virus shedding (Figure 3, panels A, B). In 
pigs, nasal shedding of viral RNA peaked at 2–6 dpi 

and ceased by 8 dpi, indicating that both virus strains 
caused a productive infection that resolved quickly. 
We detected viral RNA in nasal wash samples col-
lected from all naive, unvaccinated ferrets as well as 
in samples collected from vaccinated ferrets that had 
been exposed to the 1C.2.1 virus. Conversely, the 
ferret group that had received the human seasonal 
vaccine and was then exposed to the swine-origin 
1A.3.2.2 virus (Figure 3, panel A) showed a signifi-
cant reduction in viral shedding in nasal samples. 
A single ferret in this vaccinated group showed an 
outlier response of transient, low level of viral RNA 
shedding on nonconsecutive days. Taken together, 
those shedding profiles indicated that both viruses 
could be transmitted from infected pigs to naive 
ferrets by the airborne route and cause productive 
infection. In addition, the human seasonal vaccine 

1802 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 9, September 2023

Figure 2. Longitudinal monitoring of A/Pavia/65/2016 influenza A virus infection and transmission in ferrets. In 2 replicates, ferrets (n 
= 2) were intranasally inoculated with the A/Pavia/65/2016 strain and cohoused with ferrets in direct contact (n = 2) or in the same 
airspace (n = 2) enabling airborne exposure to respiratory droplets. Infection was evaluated by (A) monitoring daily nasal shedding of 
viral RNA between 0–14 dpi expressed as REUs. The specific humoral immune response was evaluated at 0 and 14 dpi using (B) a 
competitive ELISA to determine nucleoprotein-specific antibody titer, expressed as the inverse of the competition percentage (%) or (C) 
HI titer with the homologous virus. Competition percentage was calculated as (1 – sample/negative) × 100. Nucleoprotein competition 
percentage <50% or HI titer of <20 are considered negative (gray shaded areas). Outlier results for a single ferret in the intranasally 
inoculated group (IN-outlier) were excluded from the analysis and are shown by hollow black symbols. DC, direct contact; dpc, days 
postcontact; dpi, days postinoculation; HI, hemagglutination inhibition; IN, intranasally inoculated; Neg, negative; Pos, positive; RD, 
respiratory droplet; REU, relative equivalent unit; TCID50, 50% tissue culture infectious dose. 

Figure 3. Nasal shedding of 
viral RNA monitored in pigs 
intranasally inoculated with 
influenza A virus strains A/swine/
England/1353/2009 (H1pdmN1) 
(A) or A/Pavia/65/2016 (H1avN1) 
(B) and in naive or vaccinated 
ferrets cohoused in the same 
airspace as inoculated pigs. 
Viral RNA was quantified by 
real-time quantitative reverse 
transcription PCR in longitudinal 
nasal samples collected daily 
until 14 dpi (pigs) or 14 dpc 
(ferrets) and is expressed as REU based on an RNA quantification standard prepared from the corresponding virus stock. In vaccinated 
ferrets (n = 4) exposed to the H1pdmN1 strain, nasal shedding of viral RNA between 6 dpc and 12 dpc was significantly different from 
the naive ferret group (p<0.05). Results for the remaining ferret in this group are shown as outlier data (hollow green circles). dpc, days 
postcontact; dpi, days postinoculation; REU, relative equivalent unit; TCID50, 50% tissue culture infectious dose.
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could only elicit protective immunity against an 
antigenically similar challenge virus, namely the 
swine-origin 1A.3.3.2 virus but not the antigenically 
distinct 1C.2.1 virus.

Immunohistochemical analysis of pig tissues col-
lected at 5 dpi (Figure 4) demonstrated immunola-
belling of viral NP antigen in the nucleus and cyto-
plasm of epithelial cells of the respiratory mucosae, 
including nasal turbinate, trachea, and bronchi and 
bronchioles in the lungs of pigs inoculated with ei-
ther virus, indicating comparable replication of both 
virus strains. Specific humoral responses were detect-
ed in both groups of pigs at 14 dpi, indicated by the 
increase in NP (Figure 5, panels A, B) and HI (Figure 
5, panels C, D) antibody titers. Furthermore, we de-
tected a specific neutralizing antibody response (Fig-
ure 5, panels E, F) for each inoculated virus at 14 dpi, 
although titers were considerably lower in H1pdmN1 
virus–infected pigs. Taken together, those results in-
dicate that all pigs seroconverted after virus inocula-
tion and that infections were productive.

Humoral immune responses in virus-exposed 
ferrets were evaluated by NP ELISA (Figure 6, panels 
A, B) as well as HI (Figure 6, panels C, D) and virus 
neutralization (Figure 6 panels, E, F), using the ho-
mologous viruses. Antibody responses to vaccina-
tion were low or undetectable. Unvaccinated ferrets 
in both groups seroconverted after virus exposure, as 
did vaccinated ferrets cohoused with pigs inoculated 
with the 1C.2.1 virus. In contrast, vaccinated ferrets 
cohoused with pigs infected with the swine-origin 
1A.3.3.2 virus mounted no detectable influenza-spe-
cific humoral response, apart from the single ferret 
that showed transient, low-level nasal shedding (Fig-
ure 3, panel A). The humoral responses shown sepa-
rately for this ferret as an outlier from the group data 
(Figure 6, panels A, C, E) could reflect differences in 
the immune response elicited by vaccination in this 
individual ferret, as observed in outbred populations. 
Two nonvaccinated, nonexposed negative control 
animals did not produce specific humoral immune 
responses, as was expected. ELISpot analysis (Figure 
6, panels G, H) showed that infection elicited a de-
tectable cellular response after stimulation with NP 
peptides, but it was considerably reduced (p<0.0002) 
in vaccinated ferrets exposed to the H1pdmN1 virus, 
although the single outlier ferret showed an interme-
diate response.

Collectively, those results indicate that naive ferrets 
became productively infected after airborne exposure 
to virus shed by infected pigs but nevertheless mount-
ed an effective humoral and cellular response, result-
ing in resolution of infection. Conversely, productive  

infection did not occur in the 1A.3.3.2 H1N1–exposed 
ferrets with previous vaccine-mediated immunity 
when the vaccine antigen was well matched to the 
challenge strain, although we did not identify corre-
sponding immune determinants. Vaccination did not 
prevent infection of ferrets with the 1C.2.1 virus. 

Discussion
H1 1C Eurasian avian-like viruses have been circulat-
ing in swine herds in Europe for >40 years, most likely 
following direct introduction from an avian host into 
pigs (8). This virus clade remains a potential zoonotic 
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Figure 4.  Immunohistochemical detection of viral nucleoprotein 
in pig tissues. Immunolabelling of influenza A viral nucleoprotein 
in respiratory tissues collected from pigs at 5 dpi after inoculation 
with A/swine/England/1353/2009 (H1pdmN1; panels A, C, and 
E) or A/Pavia/65/2016 (H1avN1; panels B, D, and F) viruses 
reveals presence of viral nucleoprotein antigen (brown staining) in 
respiratory epithelial cells of the lung, trachea, and nasal turbinate 
for both viruses. Original magnification × 400.
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risk, as highlighted by sporadic human H1N1v cases 
caused by this swIAV lineage and reassortant viruses, 
as well as by experimental data obtained using the 
ferret model (20,24,26,28,29).

The ferret is a robust animal model species for 
studying influenza arising from both human- and 
swine-origin IAV infections (32,42) and for studying 
influenza vaccines (31); we used that model to char-
acterize the 1C.2.1 lineage virus, A/Pavia/65/2016. 
Virus infection transmitted effectively between fer-
rets by the direct contact route but not by airborne 
respiratory droplet exposure, suggesting that sus-
tained transmission in human populations would be 
limited, as supported by epidemiologic findings (15). 

Of note, nasal shedding of virus by pigs resulted in 
respiratory droplet infection of susceptible, cohoused 
ferrets. We speculate that result occurred because of 
the larger volume of respiratory droplets exhaled by 
pigs, which have a larger lung volume than ferrets, 
thereby increasing the viral load. The virologic pro-
file of the A/Pavia/65/2016 isolate, when compared 
in the same interspecies transmission model to A/
swine/England/1353/2009, a swine-origin H1N1 vi-
rus from the 1A.3.3.2 lineage, demonstrated that all 
experimentally infected animals exhibited mild or no 
clinical signs of influenza, mounted an effective hu-
moral and cellular immune response, and resolved 
the infection. Our findings therefore indicate that the 
A/Pavia/65/2016 strain does not have an increased 
pathogenicity profile compared to the 1A.3.3.2 strain 
when assessed in 2 animal models, as predicted from 
phylogenetic data, despite having originated from a 
human clinical case. In addition, our study reaffirms 
the value of the interspecies transmission model for 
assessing zoonotic potential (20,38,42–45).

We assessed immunity provided by the 2016–17 
human seasonal influenza vaccine against the 2 swI-
AV isolates by cohousing naive and vaccinated ferret 
groups with pigs shedding the respective virus strains. 
All ferret groups, except the vaccinated ferrets exposed 
to the H1pdmN1 virus–infected pigs, had a viral nasal 
shedding profile consistent with productive infection 
and mounted a detectable humoral and cellular im-
mune response. Conversely, nasal shedding in the vac-
cinated, 1A.3.3.2 H1N1–exposed ferret group was sig-
nificantly reduced, suggesting that the human seasonal 
vaccine provided immune protection from infection 
by the antigenically matched swine-origin challenge 
strain. However, the immune response after infection 
was low in that ferret group, so the correlates of pro-
tection remain unknown. In both studies, individual 
ferrets in single groups displayed outlier responses to 
infection or vaccination, possibly reflecting the differ-
ences observed in outbred populations. 

Despite such limitations and the constraints of low 
group numbers, this study enabled effective modeling 
of interspecies transmission of influenza. The experi-
mental design benefited from using pigs as a biological 
host for the virus strains studied. In addition, the study 
design provided a controlled and biologically relevant 
system to study interspecies airborne transmission to 
ferrets, a well-established animal model for human in-
fluenza; including naive and vaccinated ferret groups 
enabled modeling of human populations with varied 
prior immunity to influenza (31).

As part of the World Health Organization in-
fluenza pandemic preparedness initiative, CVVs for 
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Figure 5. Characterization of virus-specific humoral 
responses following intranasal inoculation of pigs with A/
swine/England/1353/2009 (H1pdmN1, panels A, C, E) or A/
Pavia/65/2016 (H1avN1, panels B, D, F). Antibody titers were 
monitored at 0, 5, and 14 dpi by nucleoprotein competitive 
ELISA (A, B) and are expressed as competition percentage and 
considered negative if <50% (gray area). Competition percentage 
was calculated as (1 – sample/negative) × 100. Hemagglutination 
inhibition (C, D) and virus neutralization (E, F) titers were 
assessed at 0 and 14 dpi using the homologous virus for each 
group. Both titers were normalized to the individual prevaccination 
titers (0 days postvaccination). dpi, days postinoculatinon.
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human seasonal vaccines are identified twice a year. 
Considering the increase in reports of zoonotic in-
fections, OFFLU has contributed data for selecting  
swIAV-origin CVVs should a zoonotic spillover event 
necessitate a rapid update of human seasonal vac-
cine antigens. Within-clade diversity of 1C-lineage 
swIAVs hampers the selection of candidate antigens, 
as has also been observed for 1B viruses (24,43,46) 
and, despite the A/Pavia/65/2016 strain being in 
the same 1C2.1 genetic lineage as the CVV A/Neth-
erlands/3315/2016, antigenic cross-reactivity is low 
(1). Those findings reinforce the need for continued 
CVV assessment for swIAVs to ensure pandemic 

preparedness. Furthermore, recent studies in the 
ferret model have demonstrated the potential for 
IAV and SARS-CoV-2 co-infection. Clinical severity 
was ameliorated by influenza vaccination, thereby  
demonstrating the potential importance of ensuring 
vaccine immunity to circulating influenza strains in 
the human population (47).

Our study confirms that vaccine and challenge 
strains must be antigenically matched to elicit vac-
cine-mediated protective immunity and that the 
immune status of the human population might not 
provide complete immunity to all currently circulat-
ing swine influenza A virus H1N1 strains. Continual 
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Figure 6. Immune parameters 
assessed in naive and 
vaccinated ferrets before and 
after exposure to pigs infected 
with influenza A viruses A/
swine/England/1353/2009 
(H1pdmN1, panels A, C, E, 
and G) or A/Pavia/65/2016 
(H1avN1, panels B, D, F, and 
H). Data from a single outlier, 
a vaccinated ferret exposed 
to the H1pdmN1 virus, were 
excluded from analysis but are 
shown. Negative control ferrets 
(n = 2) were not vaccinated 
or exposed to infectious virus. 
Specific humoral responses 
were assessed longitudinally in 
serum. Antibody titers detected 
by NP competition ELISA (A, B) 
are expressed as competition 
percentage and considered 
negative if <50% (gray area). 
Competition percentage was 
calculated as (1 – sample/
negative) × 100. HI (C, D) and 
VN (E, F) were determined 
using the homologous virus 
for each group. Both HI and 
VN titers are normalized to 
the individual prevaccination 
titers (0 dpv). ELISpot 
analysis (G, H) evaluated 
the number of interferon-γ–
producing peripheral blood 
mononuclear cells induced 
by 18-mer nucleoprotein 
peptides, represented as 
SPC per 1 million, at 14 
dpc (RD exposure). dpv, 
days postvaccination; 
dpc, days postcontact; HI, 
hemagglutination inhibition; NP, 
nucleoprotein; RD, respiratory 
droplets; SFC, spot-forming 
cells;VN, virus neutralization.
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evaluation and monitoring of IAVs circulating in hu-
man and swine populations is required to identify 
potential pandemic threats; broadly effective vac-
cines for both human and veterinary use are needed 
to mitigate these threats.

Acknowledgments
We thank the staff of the APHA Animal Sciences Unit for 
excellent animal care. 

This work was conducted under the FluFutures research 
program (SE2211), and mammalian influenza research is 
supported by FluFutures2 (SE2213), both funded by the 
UK Department for the Environment, Food and Rural  
Affairs (Defra) and the devolved Scottish and Welsh  
Administrations.

About the Author
Dr. van Diemen is senior scientist in the Mammalian 
Influenza Research team at the Animal and Plant Health 
Agency, an agency of the UK Department for Environment,  
Food and Rural Affaires (Defra). Her research focuses on 
mammalian influenza, particularly viral pathogenesis, 
interactions between host and virus, and generation of 
vaccine-mediated protection.

References
  1. Anderson TK, Chang J, Arendsee ZW, Venkatesh D,  

Souza CK, Kimble JB, et al. Swine influenza A viruses and 
the tangled relationship with humans. Cold Spring Harb 
Perspect Med. 2021;11:a038737. https://doi.org/10.1101/
cshperspect.a038737

  2. Short KR, Richard M, Verhagen JH, van Riel D, Schrauwen 
EJ, van den Brand JM, et al. One health, multiple challenges: 
the inter-species transmission of influenza A virus. One 
Health. 2015;1:1–13. 

  3. Pulit-Penaloza JA, Belser JA, Tumpey TM, Maines TR.  
Sowing the seeds of a pandemic? Mammalian pathogenicity 
and transmissibility of H1 variant influenza viruses from  
the swine reservoir. Trop Med Infect Dis. 2019;4:41.  
https://doi.org/10.3390/tropicalmed4010041

  4. Rajao DS, Vincent AL, Perez DR. Adaptation of human  
influenza viruses to swine. Front Vet Sci. 2019;5:347.  
https://doi.org/10.3389/fvets.2018.00347

  5. Vincent AL, Anderson TK, Lager KM. A brief introduction  
to influenza A virus in swine. Methods Mol Biol. 
2020;2123:249–71. https://doi.org/10.1007/ 
978-1-0716-0346-8_18

  6. Anderson TK, Macken CA, Lewis NS, Scheuermann RH, 
Van Reeth K, Brown IH, et al. A phylogeny-based global 
nomenclature system and automated annotation tool for 
H1 hemagglutinin genes from swine influenza A viruses. 
MSphere. 2016;1:e00275-16. https://doi.org/10.1128/
mSphere.00275-16

  7. Lewis NS, Russell CA, Langat P, Anderson TK, Berger K, 
Bielejec F, et al.; ESNIP3 consortium. The global antigenic 
diversity of swine influenza A viruses. eLife. 2016;5:e12217. 
https://doi.org/10.7554/eLife.12217

  8. Krumbholz A, Lange J, Sauerbrei A, Groth M, Platzer M, 
Kanrai P, et al. Origin of the European avian-like swine  
influenza viruses. J Gen Virol. 2014;95:2372–6.  
https://doi.org/10.1099/vir.0.068569-0

  9. Watson SJ, Langat P, Reid SM, Lam TT, Cotten M, Kelly M,  
et al.; ESNIP3 Consortium. Molecular epidemiology and  
evolution of influenza viruses circulating within European 
swine between 2009 and 2013. J Virol. 2015;89:9920–31. 
https://doi.org/10.1128/JVI.00840-15

10. Simon G, Larsen LE, Dürrwald R, Foni E, Harder T,  
Van Reeth K, et al.; ESNIP3 consortium. European  
surveillance network for influenza in pigs: surveillance  
programs, diagnostic tools and Swine influenza virus  
subtypes identified in 14 European countries from 2010 to 
2013. PLoS One. 2014;9:e115815. https://doi.org/10.1371/
journal.pone.0115815

11. Brown IH. History and epidemiology of swine influenza 
in Europe. Curr Top Microbiol Immunol. 2013;370:133–46. 
https://doi.org/10.1007/82_2011_194

12. Henritzi D, Petric PP, Lewis NS, Graaf A, Pessia A,  
Starick E, et al. Surveillance of European domestic pig  
populations identifies an emerging reservoir of potentially  
zoonotic swine influenza A viruses. Cell Host Microbe. 2020; 
28:614–627.e6. https://doi.org/10.1016/j.chom.2020.07.006

13. Hennig C, Graaf A, Petric PP, Graf L, Schwemmle M,  
Beer M, et al. Are pigs overestimated as a source of zoonotic 
influenza viruses? Porcine Health Manag. 2022;8:30.  
https://doi.org/10.1186/s40813-022-00274-x

14. Parys A, Vandoorn E, King J, Graaf A, Pohlmann A,  
Beer M, et al. Human infection with Eurasian avian-like 
swine influenza A(H1N1) Virus, the Netherlands,  
September 2019. Emerg Infect Dis. 2021;27:939–43.  
https://doi.org/10.3201/eid2703.201863

15. Rovida F, Piralla A, Marzani FC, Moreno A, Campanini G, 
Mojoli F, et al. Swine influenza A (H1N1) virus (SIV)  
infection requiring extracorporeal life support in an  
immunocompetent adult patient with indirect exposure to 
pigs, Italy, October 2016. Euro Surveill. 2017;22:30456. 

16. Fraaij PL, Wildschut ED, Houmes RJ, Swaan CM, Hoebe CJ, 
de Jonge HC, et al. Severe acute respiratory infection  
caused by swine influenza virus in a child necessitating  
extracorporeal membrane oxygenation (ECMO), the  
Netherlands, October 2016. Euro Surveill. 2016;21:30416. 

17. European Centre for Disease Prevention and Control. 
Threats and outbreaks of swine influenza [cited 2023  
Jan 16]. https://www.ecdc.europa.eu/en/swine-influenza/
threats-and-outbreaks

18. Dürrwald R, Wedde M, Biere B, Oh DY, Heßler-Klee M, 
Geidel C, et al. Zoonotic infection with swine A/H1(av)N1 
influenza virus in a child, Germany, June 2020. Euro Surveill. 
2020;25:2001638. 

19. Wang DY, Qi SX, Li XY, Guo JF, Tan MJ, Han GY, et al.  
Human infection with Eurasian avian-like influenza 
A(H1N1) virus, China. Emerg Infect Dis. 2013;19:1709–11. 
https://doi.org/10.3201/eid1910.130420

20. Yang H, Chen Y, Qiao C, He X, Zhou H, Sun Y, et al.  
Prevalence, genetics, and transmissibility in ferrets of  
Eurasian avian-like H1N1 swine influenza viruses.  
Proc Natl Acad Sci USA. 2016;113:392–7. https://doi.org/ 
10.1073/pnas.1522643113

21. Xie JF, Zhang YH, Zhao L, Xiu WQ, Chen HB, Lin Q, et al. 
Emergence of Eurasian avian-like swine influenza A (H1N1) 
virus from an adult case in Fujian Province, China. Virol Sin. 
2018;33:282–6. https://doi.org/10.1007/s12250-018-0034-1

22. Li X, Guo L, Liu C, Cheng Y, Kong M, Yang L, et al. Human 
infection with a novel reassortant Eurasian-avian lineage 

1806 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 9, September 2023



Interspecies Transmission of Swine Influenza A

swine H1N1 virus in northern China. Emerg Microbes  
Infect. 2019;8:1535–45. https://doi.org/10.1080/22221751.20
19.1679611

23. Rambo-Martin BL, Keller MW, Wilson MM, Nolting JM,  
Anderson TK, Vincent AL, et al. Influenza A virus field 
surveillance at a swine-human interface. MSphere. 2020; 
5:e00822-19. https://doi.org/10.1128/mSphere.00822-19

24. Sun H, Xiao Y, Liu J, Wang D, Li F, Wang C, et al. Prevalent 
Eurasian avian-like H1N1 swine influenza virus with 2009 
pandemic viral genes facilitating human infection. Proc Natl 
Acad Sci U S A. 2020;117:17204–10. https://doi.org/10.1073/
pnas.1921186117

25. Andersen KM, Vestergaard LS, Nissen JN, George SJ,  
Ryt-Hansen P, Hjulsager CK, et al. Severe human case of 
zoonotic infection with swine-origin influenza A virus,  
Denmark, 2021. Emerg Infect Dis. 2022;28:2561–4.  
https://doi.org/10.3201/eid2812.220935

26. Pulit-Penaloza JA, Belser JA, Tumpey TM, Maines TR.  
Mammalian pathogenicity and transmissibility of a  
reassortant Eurasian avian-like A(H1N1v) influenza virus 
associated with human infection in China (2015). Virology. 
2019;537:31–5. https://doi.org/10.1016/j.virol.2019.08.008

27. Zhu W, Zhang H, Xiang X, Zhong L, Yang L, Guo J, et al. 
Reassortant Eurasian avian-like influenza A(H1N1) virus 
from a severely ill child, Hunan Province, China, 2015. 
Emerg Infect Dis. 2016;22:1930–6. https://doi.org/10.3201/
eid2211.160181

28. Meng F, Yang H, Qu Z, Chen Y, Zhang Y, Zhang Y, et al.  
A Eurasian avian-like H1N1 swine influenza reassortant  
virus became pathogenic and highly transmissible 
due to mutations in its PA gene. Proc Natl Acad Sci U 
S A. 2022;119:e2203919119. https://doi.org/10.1073/
pnas.2203919119

29. Lakdawala SS, Lamirande EW, Suguitan AL Jr, Wang W, 
Santos CP, Vogel L, et al. Eurasian-origin gene segments 
contribute to the transmissibility, aerosol release, and  
morphology of the 2009 pandemic H1N1 influenza virus. 
PLoS Pathog. 2011;7:e1002443. https://doi.org/10.1371/ 
journal.ppat.1002443

30. OFFLU. OFFLU VCM summary reports [cited 2023 Jan 16]. 
https://www.offlu.org/index.php/offlu-vcm-summary-
reports

31. Roubidoux EK, Schultz-Cherry S. Animal models utilized 
for the development of influenza virus vaccines. Vaccines 
(Basel). 2021;9:787. https://doi.org/10.3390/vaccines9070787

32. Belser JA, Lau EHY, Barclay W, Barr IG, Chen H,  
Fouchier RAM, et al.; Working Group on the Standardization 
of the Ferret Model for Influenza Risk Assessment.  
Robustness of the ferret model for influenza risk assessment 
studies: a cross-laboratory exercise. MBio. 2022;13:e0117422. 
https://doi.org/10.1128/mbio.01174-22

33. Belser JA, Barclay W, Barr I, Fouchier RAM, Matsuyama R, 
Nishiura H, et al. Ferrets as models for influenza virus  
transmission studies and pandemic risk assessments. 
Emerg Infect Dis. 2018;24:965–71. https://doi.org/10.3201/
eid2406.172114

34. Brookes SM, Núñez A, Choudhury B, Matrosovich M,  
Essen SC, Clifford D, et al. Replication, pathogenesis and 
transmission of pandemic (H1N1) 2009 virus in non-immune 
pigs. PLoS One. 2010;5:e9068. https://doi.org/10.1371/ 
journal.pone.0009068

35. Percie du Sert N, Hurst V, Ahluwalia A, Alam S, Avey MT,  
Baker M, et al. The ARRIVE guidelines 2.0: updated 
guidelines for reporting animal research. BMC Vet Res. 

2020;16:242. https://doi.org/10.1186/s12917-020-02451-y
36. Karakus U, Crameri M, Lanz C, Yángüez E. Propagation  

and titration of influenza viruses. In: Yamauchi Y, editor. 
Influenza virus: methods and protocols. New York: Springer 
New York; 2018. p. 59–88.

37. Nagy A, Vostinakova V, Pirchanova Z, Cernikova L,  
Dirbakova Z, Mojzis M, et al. Development and evaluation 
of a one-step real-time RT-PCR assay for universal detection 
of influenza A viruses from avian and mammal species. Arch 
Virol. 2010;155:665–73. 

38. Everett HE, Nash B, Londt BZ, Kelly MD, Coward V,  
Nunez A, et al. Interspecies transmission of reassortant swine 
influenza A virus containing genes from swine influenza 
A(H1N1)pdm09 and A(H1N2) viruses. Emerg Infect Dis. 
2020;26:273–81. https://doi.org/10.3201/eid2602.190486

39. Gauger PC, Vincent AL. Serum virus neutralization  
assay for detection and quantitation of serum neutralizing 
antibodies to influenza A virus in swine. Methods Mol  
Biol. 2020;2123:321–33. https://doi.org/10.1007/ 
978-1-0716-0346-8_23

40. Kitikoon P, Gauger PC, Vincent AL. Hemagglutinin  
inhibition assay with swine sera. Methods Mol Biol. 
2014;1161:295–301. https://doi.org/10.1007/ 
978-1-4939-0758-8_24

41. Löndt BZ, Brookes SM, Nash BJ, Núñez A, Stagg DA,  
Brown IH. The infectivity of pandemic 2009 H1N1 and  
avian influenza viruses for pigs: an assessment by  
ex vivo respiratory tract organ culture. Influenza Other 
Respir Viruses. 2013;7:393–402. https://doi.org/10.1111/ 
j.1750-2659.2012.00397.x

42. Pulit-Penaloza JA, Brock N, Jones J, Belser JA, Jang Y, Sun X, 
et al. Pathogenesis and transmission of human seasonal and 
swine-origin A(H1) influenza viruses in the ferret model. 
Emerg Microbes Infect. 2022;11:1452–9. https://doi.org/ 
10.1080/22221751.2022.2076615

43. Kimble JB, Souza CK, Anderson TK, Arendsee ZW,  
Hufnagel DE, Young KM, et al. Interspecies transmission 
from pigs to ferrets of antigenically distinct swine H1  
influenza A viruses with reduced reactivity to candidate 
vaccine virus antisera as measures of relative zoonotic risk. 
Viruses. 2022;14:2398. https://doi.org/10.3390/v14112398

44. Russier M, Yang G, Marinova-Petkova A, Vogel P,  
Kaplan BS, Webby RJ, et al. H1N1 influenza viruses varying 
widely in hemagglutinin stability transmit efficiently from 
swine to swine and to ferrets. PLoS Pathog. 2017;13:e1006276. 
https://doi.org/10.1371/journal.ppat.1006276

45. Kaplan BS, Kimble JB, Chang J, Anderson TK, Gauger PC, 
Janas-Martindale A, et al. Aerosol transmission from  
infected swine to ferrets of an H3N2 virus collected from an 
agricultural fair and associated with human variant infec-
tions. J Virol. 2020;94:e01009-20. https://doi.org/10.1128/
JVI.01009-20

46. Meng F, Chen Y, Song Z, Zhong Q, Zhang Y, Qiao C, et al. 
Continued evolution of the Eurasian avian-like H1N1 swine 
influenza viruses in China. Sci China Life Sci. 2022.

47. Huang Y, Skarlupka AL, Jang H, Blas-Machado U, Holladay 
N, Hogan RJ, et al. SARS-CoV-2 and influenza A virus  
coinfections in ferrets. J Virol. 2022;96:e0179121.

Address for correspondence: Pauline van Diemen or Helen 
Everett, Virology Department, APHA, New Haw, Addlestone, 
Surrey, KT15 3NB, UK; email: PaulineM.vanDiemen@APHA.gov.
uk or Helen.Everett@APHA.gov.uk

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 9, September 2023 1807



In temperate regions, seasonal influenza commonly 
follows a regular circulation pattern and has an an-

nual epidemic peak during the colder winter months 
(1–3). In contrast, tropical areas have great diversity 
in influenza seasonality (1–3). Some countries, includ-
ing Brazil, Mexico, and the Philippines, report 1 dis-
tinct annual peak, but other countries, including Co-
lombia, Burkina Faso, and Thailand, have 2 distinct 
peaks (3). Countries near the equator, such as Ven-
ezuela, Cameroon, Indonesia, and Malaysia, show 

year-round circulation and have no distinct peak (3). 
However, Senegal and other countries in West Africa 
have year-round influenza activity with 1 or 2 distinct 
annual peaks; the second most often occurs during 
the rainy season (3).

The diversity of circulation patterns challenges 
old theories on influenza’s seasonality that suggest 
the increased activity seen in winter mainly is ex-
plained by the permissive dry and cold weather (4). 
The determinants of influenza’s seasonality remain 
poorly understood, and studying viral circulation in 
tropical areas represents a crucial step toward a glob-
al understanding of influenza seasonality (2,5–7).

The emergence of SARS-CoV-2 in late 2019 
deeply impacted influenza’s global circulation (8). 
During 2020–2021, the first years of the pandemic, 
historically low levels of influenza circulation were 
noted, but those findings were largely described and 
discussed from high-income countries in temperate 
regions that have abundant influenza surveillance 
data (9–12). The low-level phenomenon is commonly 
believed to be a beneficial side effect of nonpharma-
ceutical interventions (NPIs) implemented to control 
of the spread of SARS-CoV-2 (13,14). However, little 
is known about the impact that SARS-CoV-2 had on 
influenza’s circulation in tropical settings. To clarify 
SARS-CoV-2–influenza interactions in tropical re-
gions, we investigated usual influenza circulation 
patterns in Senegal, a subtropical country in West 
Africa, and whether circulation patterns shifted dur-
ing the COVID-19 pandemic.

Methods

Syndromic Surveillance in Senegal
Since 2011, Senegal has been managing a sentinel syn-
dromic surveillance system (réseaux de surveillance 
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Historically low levels of seasonal influenza circulation 
were reported during the first years of the COVID-19 
pandemic and were mainly attributed to implementation 
of nonpharmaceutical interventions. In tropical regions, 
influenza’s seasonality differs largely, and data on this 
topic are scarce. We analyzed data from Senegal’s sen-
tinel syndromic surveillance network before and after the 
start of the COVID-19 pandemic to assess changes in in-
fluenza circulation. We found that influenza shows year-
round circulation in Senegal and has 2 distinct epidemic 
peaks: during January–March and during the rainy sea-
son in August–October. During 2021–2022, the expected 
January–March influenza peak completely disappeared, 
corresponding to periods of active SARS-CoV-2 circula-
tion. We noted an unexpected influenza epidemic peak 
during May–July 2022. The observed reciprocal circula-
tion of SARS-CoV-2 and influenza suggests that factors 
such as viral interference might be at play and should be 
further investigated in tropical settings.
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sentinelle syndromique du Sénégal), known as the 4S 
Network (15). The 4S Network is concurrently run by 
the National Ministry of Health and Institut Pasteur 
de Dakar, which supervises the sites’ activities, pro-
vides equipment, and manages sample transport, vi-
rological testing, and data management and analysis.

The 4S Network functions as any syndromic sur-
veillance system by monitoring and testing persons 
who have certain syndromes of public health interest, 
in this case, signs and symptoms suggestive of viral 
respiratory diseases, as previously described (16). 
The 4S Network comprises 25 sentinel sites: 22 com-
munity sites in primary or secondary healthcare fa-
cilities that are in charge of influenza-like illness (ILI) 
surveillance and 3 hospitals located in the region of 
Dakar that are in charge of severe acute respiratory 
illness (SARI) surveillance (Figure 1). Sentinel sites 
are located throughout the country in each of its 14 
regions, enabling geographic coverage and providing 
a fairly accurate representation of Senegal’s popula-
tion. Sites were selected according to their location, 
number of patients served, willingness to participate, 
and availability of minimal equipment, such as run-
ning water and a refrigerator (16).

The 4S Network offers a unique source of epi-
demiologic data on ILI and SARI in Senegal. During 
the COVID-19 pandemic, the network also rapidly 
integrated SARS-CoV-2 testing in its routine surveil-
lance activities. We extracted data from the 4S Net-
work to analyze local dynamics of influenza, SARS-

CoV-2, and interactions between the 2 viruses in a 
remote setting.

Study Population and Case Definition
We focused on ILI and SARI surveillance by using 
definitions from 2014 World Health Organization 
criteria (17). Those criteria define ILI cases as acute 
respiratory infection accompanied by a measured 
temperature of ≥38°C and cough that had an onset 
within the previous 10 days and define SARI cases as 
an acute respiratory infection and history of fever or 
a measured temperature of ≥38°C and cough that had 
an onset within the previous 10 days and resulted in 
hospital admission. We included all age groups in 
the study and had no specific exclusion criteria apart 
from a patient’s refusal to participate. All patients 
undergoing virological testing and included in the 
surveillance program gave informed oral consent. All 
data were fully anonymized in advance.

Study Period and Data Collection
To assess baseline influenza seasonality patterns, 
we extracted influenza test results from January 1, 
2013–March 1, 2020. To describe interactions between 
SARS-CoV-2 and influenza, we extracted those test 
results from March 1, 2020–July 31, 2022.

For SARI cases, any patient that fit the case de-
scription and was admitted at a sentinel site was sub-
jected to nasal and oropharyngeal swab sampling. For 
ILI surveillance, ≥5 samples per site were randomly 
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Figure 1. Geographic distribution of community and hospital sentinel sites participating in surveillance for shifting patterns of influenza 
circulation during the COVID-19 pandemic, Senegal. Sites represent the network of sentinelle syndromique du Sénégal (sentinel 
syndromic surveillance of Senegal), also known as the 4S Network. Enlarged map at left shows detailed view of the Dakar capital region 
and 4S Network hospitals located in the region. ILI, influenza-like illness; SARI, severe acute respiratory illness.
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collected for surveillance every week. SARI samples 
are transferred every day and ILI samples are trans-
ferred weekly to the national reference center for in-
fluenza and other respiratory viruses at the Pasteur 
Institute in Dakar.

The reference center performs 2-step real-time 
reverse transcription PCR (rRT-PCR) by using the 
CFX96 Real-Time PCR Detection System (Bio-Rad, 
https://www.bio-rad.com) and Anyplex II RV16 
Detection Kit (Seegene, https://www.seegene.com). 
That testing system enables simultaneous testing for 
influenza A and B viruses; human respiratory syn-
cytial virus A and B; adenovirus; metapneumovirus; 
coronavirus 229E, NL63, and OC43; parainfluenza 
virus 1−4; rhinovirus A/B/C; enterovirus; and bo-
cavirus (18). Influenza viruses underwent RT-PCR 
to detect N1, H1, and H3 subtypes and matrix, neur-
aminidase 2, and hemagglutinin 2 genes, as previ-
ously described (19).

SARS-CoV-2 surveillance was rapidly integrated 
into the 4S Network. At the beginning of June 2020, 
every sample from SARI or ILI cases was subjected to 
monoplex SARS-CoV-2 RT-PCR testing by using the 
LightMix CoV E-gene and LightMix Modular Wuhan 
CoV RdRP-gene kits (TIB MOLBIOL, https://www.
tib-molbiol.de). Although a new case definition in-
cluding other symptoms, such as anosmia or diges-
tive symptoms, for suspected COVID-19 cases was 
initially added to the surveillance system, ILI and 
SARI case definitions remained unchanged during 
that period. Senegal abandoned the new suspected 
COVID-19 case definition at the end of 2021, follow-
ing the World Health Organization’s international 
recommendations for COVID-19 surveillance (20). 
Thus, we only included patients that fit the case de-
scription for ILI or SARI in this study.

Statistical Analysis
We used R version 4.0.3 (The R Foundation for Sta-
tistical Computing, https://www.r-project.org) 

and the supplementary R package, Moving Epi-
demic Method version 2.17 (https://github.com/
lozalojo/mem), to process data and create epide-
miologic curves. We generated average epidemic 
curves on the basis of percentages of SARI or ILI 
cases testing positive for influenza during each sea-
son. Then, we aligned the seasonal curves to gener-
ate an average curve, and set thresholds to define 
preepidemic, epidemic, and postepidemic periods. 
We defined the thresholds by calculating the upper 
limit of the 95% CI around the 30 highest weekly 
values. Our model also estimated sensitivity by cor-
rectly defining the epidemic period and specificity 
by correctly defining the nonepidemic period, and 
we calculated 95% CIs for the average season’s start 
date and duration (21,22).

Results
During the prepandemic period, January 1, 2013–
December 31, 2019, the 4S Network detected 74,726 
ILI cases in community sites. Of those, 12,530 (17%) 
were randomly tested for influenza by rRT-PCR, 
and 3,157 (25%) were influenza-positive. During 
the same period, 776 SARI cases were hospitalized 
in sentinel sites and tested for influenza; 145 (19%) 
were positive (Table).

During the pandemic period, January 1, 2020–
July 31, 2022, the 4S Network detected 19,030 ILI 
cases in community sites. Of those, 2,593 (14%) were 
randomly tested for influenza, of which 1,409 (54.3%) 
were also tested for SARS-CoV-2. Among tested sam-
ples, 622 (24%) were influenza-positive and 195 (14%) 
were SARS-CoV-2–positive. During the same period, 
1,352 SARI cases were hospitalized in sentinel sites 
and tested for influenza, and 68 (5%) tested influenza-
positive; 1,129 had combined SARS-CoV-2 and influ-
enza testing, and 211 (19%) were SARS-CoV-2–posi-
tive (Table). Every specimen tested for SARS-CoV-2 
was systematically tested for influenza, but the 2 
pathogens were co-detected in only 1 patient.
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Table. RT-PCR test results demonstrating shifting patterns of influenza circulation during the COVID-19 pandemic, Senegal* 

Testing per timeframe 
No. (%) cases 

ILI SARI Total 
Prepandemic, 2013–2020    
 No. cases enrolled 74,726 776 75,502 
 No. influenza RT-PCR performed 12,530 (1) 776 (100) 13,306 (17) 
  No. influenza-positive tests 3,157 (25) 145 (19) 3,302 (25) 
Pandemic period, 2020–2022    
 No. cases enrolled 19,030 1,352 20,382 
 No. influenza RT-PCR performed 2,593 (14) 1,352 (100) 3,945 (19) 
  No. influenza-positive tests 622 (24) 68 (5) 690 (17) 
 No. SARS-CoV-2 RT-PCR performed 1,409 (7) 1,129 (84) 2,538 (12) 
  No. SARS-CoV-2 positive tests 195 (14) 211 (19) 416 (16) 
*Cases are from ILI and SARI surveillance during January 2013–July 2022. ILI, influenza-like illness; RT-PCR, reverse transcription PCR; SARI, severe 
acute respiratory illness 
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Local Influenza Epidemiology before  
COVID-19 Pandemic
We found that, before the pandemic, Senegal had 
continuous circulation of influenza throughout the 
year and had 2 distinct seasonal peaks. The first peak 
typically occurred at the beginning of the year dur-
ing epidemiologic week 5 (range week 1–13). The first 
peak typically ended around mid-April and had an 
average duration of 14 (95% CI 12–17) weeks and an 
average test-positive intensity peak of 34% (95% CI 
10%–57%) of samples (Figure 2).

The second peak typically occurred during the 
second half of the rainy season, around August dur-
ing epidemiologic week 31 (range week 27–36). That 
peak usually lasted until the end of November and 
had an average duration of 18 (95% CI 13–25) weeks 
and an average test-positive intensity peak of 61% 
(95% CI 47%–78%) of samples (Figure 2).

Changes Observed in Seasonal Influenza  
during the COVID-19 Pandemic
We observed that SARS-CoV-2 essentially trans-
formed the biannual profile of influenza’s seasonal 
epidemic peaks in Senegal to a monophasic epidemic. 
During 2020, influenza circulation in Senegal seemed 
practically unperturbed. At the start of the year, influ-
enza B (Victoria) virus peaked during January–March, 

after which a rainy season peak of influenza A(H3N2) 
and influenza B (Victoria) began during epidemio-
logic week 37, peaked at 73% of positive tests, and 
lasted for 11.5 weeks. SARS-CoV-2 started circulating 
in Senegal at the beginning of March 2020; the first 
case in Senegal was detected on March 2. However, 
systematic testing for SARS-CoV-2 was not added to 
the 4S Network until the beginning of June, which ex-
plains the low levels of SARS-CoV-2 detection during 
March–May 2020 (Figure 3). However, influenza sur-
veillance continued during that period and revealed 
unusually low levels of influenza (Figures 4, 5).

During 2021, the expected beginning of the year 
influenza peak was completely absent. That period 
was marked by high levels of SARS-CoV-2 Alpha 
variant, after which an unmodified rainy season peak 
of 2009 pandemic influenza A(H1N1) started during 
epidemiologic week 37, peaked at 80% test-positivity, 
and lasted 10 weeks (Figures 4, 5).

The beginning of 2022 also was marked by the ab-
sence of the expected January–March influenza peak. 
That period also showed high levels of circulating 
SARS-CoV-2, but the Omicron variant dominated. 
Finally, an unexpected epidemic peak of influenza 
A(H3N2) was observed completely out of the usual 
period, starting in May during epidemiologic week 
17 when influenza activity is usually the lowest in 
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Figure 2. Prepandemic average 
epidemic curves used to 
demonstrate shifting patterns of 
influenza circulation during the 
COVID-19 pandemic, Senegal. 
Graphs show annual and overall 
average percentage of influenza-
positive reverse transcription 
PCR tests per epidemiology 
week reported by the sentinelle 
syndromique du Sénégal 
(sentinel syndromic surveillance 
of Senegal), also known as the 
4S Network, during January 
2013–January 2020. 
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Senegal, and ending in July, during epidemiologic 
week 29,  with a maximum peak of 71% test positiv-
ity (Figures 4, 5). Of note, influenza B (Yamagata) has 
practically disappeared in Senegal since June 2020; 
the last 2 cases were detected in January 2021.

Discussion
Before the COVID-19 pandemic, the dynamics of influ-
enza in Senegal mostly followed the various patterns 
seen in tropical regions, showing year-round low-lev-
el circulation and increased activity during the rainy  

seasons (1,2). Senegal also had a typical smaller influ-
enza peak at the start of the year (Figure 5, panel A).

Influenza’s seasonal patterns and variability 
across different climate zones is still only partially 
understood (23). Among other factors, dry and cold 
weather conditions appear to promote influenza cir-
culation in temperate regions (23–25), which is sup-
ported by in vitro and in vivo models (24). However, 
weather conditions do not account for observations 
made in tropical areas where circulation often peaks 
around months with the highest temperature and hu-
midity levels (25–27).

Many other seasonally dependent factors influ-
ence influenza’s circulation: fluctuations in host com-
petence and immune response; changes in population 
behavior, such as school attendance; and the amount 
of time spent indoors (23). In Senegal, the rainy season 
is a period when most of the population is frequently 
forced to stay at home because of violent rainfall that 
disrupts normal traffic and human mobility patterns. 
The increase in indoor human contact and the return 
to school of a predominantly young population dur-
ing the same season certainly contribute to the ob-
served rainy season peak in Senegal and possibly in 
other countries (26).

Increased indoor contact does not account for the 
peak seen at the start of the year, which is the middle 
of Senegal’s dry season. However, school schedules 
and international travel might be implicated in the 
peak. Children returning to school increase influ-
enza circulation. In addition, many persons travel to 
Europe, which usually experiences its annual influ-
enza season at that time. Travel between Senegal and 
northern Europe peaks during the end of the year, 
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Figure 3. Average number of cases detected in a study of shifting patterns of influenza circulation during the COVID-19 pandemic, 
Senegal. Bars indicate number of reverse transcription PCR–positive tests for influenza and SARS-CoV-2 per epidemiology week 
reported by the sentinelle syndromique du Sénégal (sentinel syndromic surveillance of Senegal), also known as the 4S Network, during 
January 2013–July.

Figure 4. Average epidemic curves showing shifting patterns 
of influenza circulation during the COVID-19 pandemic, 
Senegal. Graphs show percentage of influenza-positive reverse 
transcription PCR tests per epidemiologic week reported by 
the sentinelle syndromique du Sénégal (sentinel syndromic 
surveillance of Senegal), also known as the 4S Network, during 
January 2020–December 2022. 
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when persons from Senegal return from visiting their 
families in Europe during the winter holidays and 
tourists from Europe who favor the dry season travel 
to Senegal to visit. The role of international travel on 
the January–March influenza peak is also suggested 
by the absence of influenza at the beginning of 2016, 
which corresponded to the period of the Ebola epi-
demic in West Africa that resulted in travel restric-
tions (Figure 3). Among the NPIs used during the 
COVID-19 pandemic, travel restrictions might have 
had a role in reshaping the biannual seasonality of in-
fluenza in Senegal into a more monophasic epidemic.

However, Senegal did not have a biannual in-
fluenza epidemic profile until after the implantation 

of the pandemic H1N1 2009 strain in the territory in 
2010 (27). That observation suggests that climate, host 
immunity, and behavior might not be the only con-
tributing factors to the seasonality of influenza circu-
lation and that emergence of new competitive viral 
strains can also have a prolonged effect on periodic 
influenza circulation patterns.

Changes Observed during COVID-19 Pandemic
During 2020–2021, countries in the Southern Hemi-
sphere that have temperate climates, such as Austra-
lia and South Africa, reported close to zero influenza 
circulation, and influenza remained mostly absent 
until 2021 (28). In the Northern Hemisphere, the  
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Figure 5. Number of reverse transcription PCR (RT-PCR)–positive samples per week in a study of shifting patterns of influenza 
circulation during the COVID-19 pandemic, Senegal. Data represent RT-PCR–positive tests per epidemiologic week reported by the 
sentinelle syndromique du Sénégal (sentinel syndromic surveillance of Senegal), also known as the 4S Network, including influenza 
subtypes and SARS-CoV-2 variants. A) Weekly influenza incidence during the prepandemic period, January 2018–2019. B) Weekly 
influenza and SARS-CoV-2 incidence during the pandemic period, January 2020–July 2022.
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influenza seasonal peak of the 2020–21 winter was 
also absent (29,30). Those periods showed high levels 
of SARS-CoV-2 circulation during the second pan-
demic wave of the Alpha variant and subsequent re-
inforcement of NPIs (31).

In Senegal, at the end of March 2020, face masks 
became mandatory in public places, public gath-
erings were forbidden, international flights were 
closed, and a curfew was put in place (32). Those 
measures were gradually alleviated at the end of July 
2020, when curfew hours were lightened and interna-
tional flights were reopened, but Senegal maintained 
a high level of border control. A noticeable reduction 
of population mobility was recorded during March 
2020–March 2021 (33).

The arrival of SARS-CoV-2 in Senegal had notice-
able effects on local influenza circulation. Unlike re-
ports from temperate regions, only the expected Jan-
uary–March influenza peak was affected in Senegal, 
but the main rainy season peaks stayed unperturbed 
in their timing and intensity (Figure 5, panel B). That 
finding could be partially explained by concurrent 
reinforcement or alleviation of NPIs. However, influ-
enza activity in Senegal did not seem well correlated 
with local NPI reinforcement. Senegal noticeably alle-
viated its contact restriction measures around March 
2021 (34), as illustrated by the noticeable drop in its 
estimated COVID-19 Stringency Index (35) and the 
concomitant rise in the population’s mobility, as es-
timated by Google’s COVID-19 Community Mobility 
Reports (33). That timeline does not account for influ-
enza’s recorded activity during the study period.

The abnormally low levels of influenza in the ear-
ly months of 2021 and 2022 might be explained by the 
link between the expected start of the year peak and 
the winter peak usually seen in the Northern Hemi-
sphere. That start of the year peak would be more de-
pendent on international travel, as described, which 
might explain the unbalanced effect of the COVID-19 
pandemic on influenza circulation in Senegal.

Deciphering the underlying causes of those shifts 
is challenging because the pandemic affected every 
level of the human ecosystem. The role of social dis-
tancing and other NPIs is undeniable because it neces-
sarily affects the number of potentially contaminating 
social encounters. However, as those measures were 
gradually alleviated, influenza and SARS-CoV-2 con-
tinued to circulate alternately. The observed recipro-
cal nature of influenza and SARS-CoV-2 circulation, 
which is easier to visualize in Senegal’s tropical set-
ting, calls into question the prevailing role of NPIs 
and travel restrictions and invites us to search for 
other contributors.

Negative viral interference or viral competition—
that is, the transient inhibitory effects that a virus can 
have on secondary infection by other viruses at the 
host level, essentially through sustained interferon 
pathway activation—s an old concept that has been 
studied and confirmed by in vitro and animal mod-
els (36,37) and has been supported by epidemiologic 
observations and statistical modeling (36,38,39). Al-
though the concept is still controversial, some argue 
that rhinoviruses might have participated in the dis-
sipation of first the wave of the 2009 pandemic influ-
enza A(H1N1), for instance (40). Viral interference 
between SARS-CoV-2 and influenza has also been 
studied experimentally (41,42) and is supported by 
epidemiologic data (43,44). The implication of nega-
tive viral interference on influenza circulation is fur-
ther supported by the very low levels of co-detection 
noticed at the patient level, only 1 case of co-detection 
out of 2,538 tests performed during our study period. 
Cases of SARS-CoV-2 and influenza co-infections 
have been reported in the literature but seem to be 
rare (<1%) (43).

The surveillance network used in this study has 
certain advantages, such as wide geographic cov-
erage and use of community and hospital settings. 
However, the 4S Network exclusively provides in-
formation on symptomatic patients because of its 
focus on syndromic surveillance; thus, the network 
omits some local influenza and SARS-CoV-2 epide-
miologic features. Also, locations of sentinel sites 
might have underrepresented populations from re-
mote areas, especially in the northeastern and south-
eastern parts of Senegal, the most underpopulated 
areas of the country.

Because the network provides close to real time 
information, we were able to integrate recent data 
and cover more post–COVID-19 influenza seasons. 
Thus, we could offer a broader view of the effects 
of SARS-CoV-2 on influenza circulation in Senegal, 
which has public health implications that seem to be 
ongoing (5).

During March–June 2020, which corresponds 
to the first SARS-CoV-2 pandemic wave in Senegal, 
the activity of the surveillance system was drasti-
cally decreased. At that time, COVID-19 tests were 
not available, and local healthcare providers from 
sentinel sites were asked by the ministry of health 
to train colleagues in neighboring districts to per-
form nasopharyngeal sampling and conduct local 
case investigations. Nevertheless, routine influenza 
surveillance was not completely abandoned dur-
ing that period, and approximately one third of the 
usual number of samples were sent for influenza 
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testing. Therefore, the absence of influenza notifi-
cations during the first SARS-CoV-2 wave was not 
only because of a lack of testing but also because of 
low levels of concurrent influenza circulation, con-
sistent with what was seen later.

Data regarding influenza and SARS-CoV-2 cir-
culation in tropical regions are scarce. In addition, 
our data are limited to a small geographic area and 
timeframe, just 2 years of co-circulation. Distinguish-
ing crucial and durable changes in influenza’s circu-
lation patterns requires a broader scope. Therefore, 
data from other tropical countries and over longer 
periods of time are needed to clarify the effects of the  
COVID-19 pandemic on influenza circulation pat-
terns in tropical regions.

Many questions on how influenza’s seasonal-
ity will be affected in the long term remain. Influ-
enza seasonality is probably intimately linked to  
SARS-CoV-2 and its potential for becoming a sea-
sonal virus. In addition, SARS-CoV-2 could interfere 
with influenza circulation through broad population 
behavioral responses and host level immunologic 
and virologic determinants.

In conclusion, although NPIs and travel restric-
tions most certainly were predominant factors in 
the disruption of influenza circulation in 2020 and 
early 2021, those now seem insufficient to account 
for the more recent observations made in Senegal 
and other countries. Thus, the role of viral inter-
ference in reshaping influenza seasonality should 
be considered and included in future virologic and 
epidemiologic studies.
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Yellow fever virus (YFV), transmitted by infected 
Aedes spp. mosquitoes, causes a viral hemorrhagic 

disease, typically acute, with case-fatality rates up to 
50%. The disease remains a major public health prob-
lem, especially in West Africa, where outbreaks occur 
every year. In Ghana, yellow fever outbreaks have 
been observed in 5-year cycles over the past 20 years.  
However, increased recorded incidence and death dur-
ing these outbreaks can be partially attributed to im-
proved diagnostic efforts from laboratory investigations. 

Initial influenza-like signs and symptoms 
from yellow fever typically improve within 5 days; 
however, 15%–25% of infected persons progress to 
complications, including liver damage, which increases 
risk for bleeding and kidney problems (1). YFV (strain 
Asibi), a mosquito-borne flavivirus, was first isolated 
in 1927 from a patient in Ghana (2). Despite having an 
effective vaccine, 17D strain, with >500 million doses 
administered to humans (3), YFV infection remains 
a public health threat in certain regions of the world 
(1); ≈1 billion persons are estimated to live in regions 
endemic for yellow fever. In 2013 alone, YFV caused 
≈127,000 severe infections and 45,000 deaths globally 
(1); ≈90% of deaths occur in Africa (4). 

Yellow fever has been endemic in Ghana since 
it was first documented (5). Major outbreaks have 
occurred, notably in the 1970s and 1980s (6). One 
recent outbreak, which occurred in the West Gonja 
district in the Savannah region of Ghana in 2015, 
resulted in 3 deaths from 12 confirmed cases (7). 
Additional sporadic cases have been rumored or 
confirmed since the 2015 outbreak. 

Little is known about the genetic diversity and 
evolutionary dynamics of YFV, mainly because few 
genomic sequences from wild virus isolates have 
been identified. For this outbreak investigation, we 
aimed to use molecular assays to rapidly detect and 
confirm or disprove presence of YFV among case-
patients. We also sought to characterize virus strains 
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Yellow fever virus, transmitted by infected Aedes spp. 
mosquitoes, causes an acute viral hemorrhagic disease. 
During October 2021–February 2022, a yellow fever 
outbreak in some communities in Ghana resulted in 70 
confirmed cases with 35 deaths (case-fatality rate 50%). 
The outbreak started in a predominantly unvaccinated 
nomadic community in the Savannah region, from which 
65% of the cases came. The molecular amplification 
methods we used for diagnosis produced full-length DNA 
sequences from 3 confirmed cases. Phylogenetic analysis 
characterized the 3 sequences within West Africa genotype 
II; strains shared a close homology with sequences from 
Cote d’Ivoire and Senegal. We deployed more sensitive 
advanced molecular diagnostic techniques, which 
enabled earlier detection, helped control spread, and 
improved case management. We urge increased efforts 
from health authorities to vaccinate vulnerable groups in 
difficult-to-access areas and to educate the population 
about potential risks for yellow fever infections. 
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in clinical specimens from YFV-positive case-patients 
from the most affected communities to discover the 
molecular epidemiology of the outbreak within the 
identified regions. The institutional review board of 
the Noguchi Memorial Institute for Medical Research 
(NMIMR) approved experimental protocols for 
molecular detection of viral hemorrhagic fevers 
(VHFs), including YFV (NMIMR-IRB-003/07-08). 

The Ghana Health Service determined this epi-
demiologic surveillance and outbreak response as a 
research activity not involving human subjects and 
thus exempt from further ethics consideration. The 
Naval Medical Research Center Institutional Review 
Board Office of Research Administration (NAMRU3-
PJT-22-01) also determined this activity as non-hu-
man subjects research.

Materials and Methods 

Setting and Study Design 
Elevated yellow fever incidence during October 2021–
February 2022 led to an outbreak being declared in 
Ghana. We collected clinical specimens of serum from 
patients in health facilities in the outbreak areas, pre-
dominantly Damongo, Busunu, and Kawankura com-
munities in West Gonja district and Daboya and Kagbal 
communities in North Gonja district, which constitute 
2/6 districts of the Savannah region in Ghana (Figure 
1). We collected additional specimens from health fa-
cilities in adjoining districts and regions, including 

Sawla-Tuna-Kalba district and Bono East region. We 
submitted 188 clinical specimens from patients with 
suspected YFV to NMIMR for molecular diagnosis. 
Nucleic acid amplification testing of the specimens 
confirmed 70 yellow fever cases from communities in 
4 regions (Savannah, Upper West, Bono, and Oti) in 
northern Ghana. Because of 35 recorded deaths and a 
case-fatality ratio of 50%, public health interventions 
were swiftly initiated among the nomadic populations 
most affected. Those populations live in forested areas, 
including in the immediate vicinity of a forest reserve 
in the Savannah region. We placed all patients with 
suspected yellow fever based on case definitions in 
isolation or holding rooms and used requisite infection 
prevention and control precautions to manage cases. 
Public health and laboratory staff using appropriate 
personal protective equipment collected clinical speci-
mens and recorded demographic and health history 
information, including age, sex, travel history, vacci-
nation status, date of hospital admission, and residen-
tial location. We sent the 188 clinical specimens taken 
during the outbreak period to laboratories for further 
investigation, including characterizing virus strains. 
Age range of case-patients was 4 months to 70 years; 
most exhibited signs/symptoms such as body pain, fe-
ver, abdominal pain, vomiting, jaundice, and bleeding 
from the gums. Slightly more case-patients were male 
(54%) than female (46%). 

Background Observations 
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Figure 1. Distribution of suspected 
yellow fever cases among the 
16 regions of Ghana, January 
2021–February 2022. Callout map 
at left shows the high-incidence 
Savannah region containing 2 
districts, North and West Gonja, 
that had the highest numbers of 
cases among the 6 districts in 
the region. Map created using 
QGIS version 3.26.1-Buenos Aires 
(https://qgis.org); Ghana boundary 
coordinates obtained from the 
Ghana Statistical Service.
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An activity for passive surveillance of VHFs, estab-
lished in 2016 in response to the 2014–2016 Ebola vi-
rus disease outbreak in some West Africa countries, 
provided routine reports on suspected yellow fever 
cases submitted from health facilities (8). From that 
surveillance activity, 12 suspected cases were re-
ported, and the patients were screened. All 12 reports 
were submitted during February–September 2021, 
before the YFV outbreak began, and patients tested 
negative for all VHFs on the panel of viruses (Table 
1): Ebola, Marburg, Lassa, dengue, chikungunya, and 
yellow fever (Figure 2). 

Real-Time Reverse Transcription PCR Assays
We extracted viral nucleic acid from 140 µL of serum 
using the QIAamp viral RNA kit (QIAGEN, https://
www.qiagen.com). We performed all PCR assays in 
25 µL of Master Mix with 2.5 µL or 5 µL nucleic acid 
extract as a template (Table 1). We used real-time re-
verse transcription PCR (rRT-PCR) for Lassa virus (9), 
YFV (10), and filoviruses including Ebola and Marburg 
viruses (10,11) and a Trioplex rRT-PCR (12) for quali-
tative detection and differentiation of dengue, chikun-
gunya, and Zika virus RNA in the clinical specimens 
taken from the suspected case-patients. We performed 
amplifications using the Applied Biosystems 7500 
Fast/Standard Dx Real-Time PCR instrument (Ther-
moFisher Scientific, https://www.thermofisher.com).

Trioplex rRT-PCR 
The Trioplex assay, designed for research purposes 
only (12), was created to test simultaneously for the 
presence of dengue, chikungunya, and Zika viruses 

using primers and dual-labeled probes and a reverse 
transcription step to produce copy DNA (cDNA) from 
RNA in the sample. The probe binds to the target DNA 
between the 2 unlabeled PCR primers. During the PCR 
extension process, the polymerase extends the unla-
beled primers using the template strand as a guide. The 
rRT-PCR instrumentation detects fluorescence; with 
each successive PCR cycle, fluorescence increases in 
proportion to the amount of target nucleic acid present.  
This assay identifies Zika, chikungunya, and dengue 
virus RNA during the acute phase of infection and up 
to 14 days after onset of signs/symptoms (12).

Whole Genome Sequencing
We prepared sequencing libraries using Illumina 
DNA prep with enrichment (Illumina, https://www.
illumina.com), according to the manufacturer’s in-
structions. We performed viral enrichment using cus-
tom target capture probes (Twist Bioscience, https://
www.twistbioscience.com). We fragmented the ex-
tracted RNA, spiked it with mosquito RNA, and 
reverse-transcribed it to cDNA. We achieved dual 
indexing of cDNA libraries using IDT unique dual in-
dexes (Integrated DNA Technologies, https://www.
idtdna.com). We enriched libraries by using the 1-plex 
pooling strategy following a protocol described else-
where (13). We sequenced barcoded pooled libraries 
on an Illumina MiSeq with version 3 reagent kits. 

Sequence Analysis
We quality filtered demultiplexed raw fastq files 
to Phred scores ≥20, filtered them for minimum 
read length of 20 bp, and adaptor trimmed them 
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Table 1. Details of PCR testing and sequence analysis from study of yellow fever in Ghana, 2021–2022* 

Virus Reagent kit Cycles Primer sequences, 5′ → 3′ Target gene 
Amplicon 
length, bp 

Lassa 
virus 

QIAGEN 
OneStep RT-

PCR 

45 36E2:ACCGGGGATCCTAGGCATTT 5′ UTR/GPC 320 
 LVS-339-rev:GTTCTTTGTGCAGGAMAGGGGCATKGTCAT  

YFV QIAGEN/Ambion 
OneStep rRT-

PCR 

45 RF:AAATCCTGKGTGCTAATTGAGGTGYATTGG   
  RR:ACATDWTCTGGTCARTTCTCTGCTAATCGC   
  RProbe: 

gCAAATCgAgTTgCTAggCAATAAACACATT[BHQdT]g[THF]A 
[FAMdT] TAATTTTRATCgTTC -Ph 

  

Filovirus QIAGEN Filo 
OneStep RT-

PCR 

45 FiloA2.2:AAGCCTTTCCTAGCAACATGATGGT L 290 
  FiloA2.3:AAGCATTCCCTAGCAACATGATGGT   
  FiloA2.4:AAGCATTTCCTAGCAATATGATGGT   
  FiloA2.4:AAGCATTTCCTAGCAATATGATGGT   
  Filo B-Ra:GTGAGGAGGGCTATAAAAGTCACTGACATG   
Trioplex (12)     
 Dengue Invitrogen 

Superscript III 
Platinum 

OneStep qRT-
PCR 

45 NA C 171 
 CHIKV   E1 208 
 Zika   NS5 209 

*QIAGEN, http://www.qiagen.com; Invitrogen, Thermo Fisher, https://www.thermofisher.com. CHIKV, chikungunya virus; RT-PCR, reverse transcription 
PCR; qRT-PCR, quantitative RT-PCR; YFV, yellow fever virus. 
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using BBDuk (decontamination using kmers; 
https://sourceforge.net/projects/bbmap). We con-
firmed read quality using FastQC tool (https://
sourceforge.net/projects/fastqc.mirror). We used 
the resultant high-quality reads for de novo as-
sembly using the SPAdes assembler version 
3.15.2 (https://github.com/ablab/spades) (14). 
We used the largest contig from the de novo as-
sembly to query the nonredundant nucleotide  
database (GenBank) to obtain the best matching  
reference sequence. We employed the retrieved 
reference for reference-based assembly using Bow-
tie2 (https://bowtie-bio.sourceforge.net/bowtie2/
index.shtml) (15). To make a consensus call, we re-
quired >3 times read-depth coverage; we treated 
positions lacking this depth of coverage as missing 
(labeled N). 

Phylogenetic Analysis
We submitted consensus sequences from the fi-
nal assemblies to the Genome Detective virus tool 
(https://www.genomedetective.com) for genotyp-
ing. For phylogenetic analysis, we selected complete 
genomes covering the 4 major YFV genotypes in ad-
dition to our strains. We conducted genome align-

ment using MUSCLE (https://www.ebi.ac.uk/
Tools/msa/muscle) and phylogenetic construction 
using MEGAX software (16,17). To correct for the 
effects of ambiguous alignments because of poly-
morphisms in the 5′ and 3′ untranslated regions, we 
trimmed the sequences to the open reading frames 
(ORFs) and conducted all subsequent phylogenetic 
analyses on the ORFs. We conducted maximum 
likelihood phylogenetic analysis on the sequences 
using the generalized time reversible plus gamma 
distribution substitution model, which was inferred 
as the best fit model for the data in MEGAX. We as-
certained the robustness of each node of the phylo-
genetic tree using the bootstrap method with 1,000 
replicates. We used FigTree version 1.4.4 (http://
tree.bio.ed.ac.uk/software/figtree) for tree visual-
ization and annotation.  

Accession Numbers
We attempted to sequence all PCR-confirmed positive 
samples from the outbreak. However, only 3 positive 
samples yielded DNA sequencing data of sufficiently 
good quality to be sequenced on the Illumina next-gen-
eration sequencing platform. We deposited those se-
quences into GenBank (accession nos. OM066735–37). 
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Figure 2. Distribution of yellow 
fever cases over time, Ghana, 
January 2021–February 2022. 
A) Percentage positivity over 
the outbreak period and total 
number of samples processed. 
B) Numbers of yellow fever–
positive participants over the 
outbreak period within the 3 
regional categories.
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Results 
The outbreak lasted from mid-October 2021 through the 
first week of February 2022; a total of 188 clinical speci-
mens of whole blood serum or plasma were submitted 
for testing within that period. We submitted one half-
portion of each sample from suspected case-patients 
within the identified outbreak regions (Figure 1) to 
the virology department of NMIMR, a World Health  
Organization–recognized laboratory, for molecular 
confirmation of yellow fever (18). We sent the other  
half-portion to the National Public Health Reference 
Laboratory (NPHRL) in Accra, Ghana, for serologic test-
ing for YFV IgM. After ruling out dengue, West Nile, 
and Zika viral infections by differential diagnosis (18), 
YFV-positive samples were forwarded to the WHO-des-
ignated regional reference laboratory in Dakar, Senegal. 

We determined suspected yellow fever cases on the 
basis of location in high-incidence regions and signs/
symptoms associated with YFV infection: muscle and 
joint pain, abdominal pain, difficulty swallowing, 
difficulty breathing, hiccups, loss of appetite, skin rash, 
anorexia, myalgia, dizziness, malaise, agitation, swollen 
buttocks, convulsion, chills, runny nose, chest pain, 
cough, and lethargy. Yellow fever was less common in 
the Central, Greater Accra, and Western regions than 
the Savannah region (odds ratio [OR] 0.08, 95% CI 0.01–
0.63) (Table 2) and more common among persons who 
exhibited signs/symptoms (OR 2.03, 95% CI 1.11–3.71; 
p = 0.022) (Table 2) than those who did not. During the 
outbreak, we observed the highest number of confirmed 
cases in November 2021 (Figure 2). 

Demographic and Virologic Findings
We performed Trioplex screening for qualitative 
detection and differentiation of dengue, chikungu-

nya, and Zika viruses and RT-PCR testing for other 
VHFs existing in the regions, including Lassa, Ebola, 
and Marburg; all samples tested negative for those 
viruses. However, rRT-PCR testing confirmed yel-
low fever (Table 1) in 70/188 (37%) patients, 64% of 
whom were male (Table 3). Age range of all patients 
was 4–24 years; mean age was 7 years for YFV-neg-
ative and 11 years for YFV-positive patients (Table 
3). Health facilities in 10/16 regions in Ghana, in the 
coastal (Central, Greater Accra, and Western), mid-
lands (Ashanti and Bono East), and northern (Upper 
East, Upper West, Northern, and Northeast) areas of 
the country and in the Savannah region, submitted 
suspected cases for testing (Figure 1). The highest  
percentage of total (65%), positive (84%), and negative 
(57%) samples submitted came from the Savannah re-
gion (Table 3). Results from the Savannah region, in 
northwest Ghana, showed a statistically significant 
higher association with yellow fever relative to other 
regions, including >2 times as many cases as from 
other northern regions combined. Calculating per-
centages of the signs/symptoms of patients screened 
(Table 3) indicated fever, jaundice, and hemorrhage 
were the predominate clinical signs among both YFV-
negative and -positive patients, although the absolute 
numbers were not statistically significant. 

Sequence Analysis and Phylogeny
The Genome Detective virus tool grouped all 3 Gha-
na yellow fever strains within West Africa genotype 
II. Complete ORF maximum-likelihood phylogeny 
showed the 3 yellow fever strains from the outbreak 
area in Ghana to be closely related to each other and 
to sequences from Senegal and Cote d’Ivoire (Figure 
3). Those sequences all clustered within West Africa 
genotype II, which is less heterogeneous than the oth-
er 8 known West Africa genotypes (19). 

Discussion
The October 2021–February 2022 yellow fever outbreak 
in parts of Ghana renewed calls and highlighted the 
need for timely laboratory confirmation of suspected 
yellow fever cases as an essential part of effective re-
sponses. The greater sensitivity of advanced molecular 
diagnostic techniques deployed for laboratory testing 
during outbreak investigations distinguished those 
methods from previous serologic assays. The improved 
performance of those diagnostic techniques enabled us 
to characterize the circulating outbreak strains and de-
posit yellow fever strains from Ghana with GenBank. 

Initial outbreak cases were identified at the West 
Gonja District Hospital in the West Gonja municipality 
of the Savannah region. Three index case-patients from 
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Table 2. Distributions of patient sex, region, and signs/symptoms 
in study of yellow fever in Ghana, 2021–2022 
Characteristics Odds ratio (95% CI) p value 
Sex 

  

 M Referent 0.079 
 F 0.58 (0.31–1.07) 
Region  

 

 Savannah Referent 0.024 
 Central, Greater Accra, 
Western 

0.08 (0.01–0.63) 

 Upper East, Upper West, 
Northern, North East 

0.53 (0.23–1.23) 

 Ashanti, Bono East 
 

Signs/symptoms 
  

 Fever 1.68 (0.75–3.75) 0.207 
 Jaundice 0.6 (0.1–3.75) 0.584 
 Hemorrhage 3.17 (0.89–11.24) 0.074 
 Other* 2.03 (1.11–3.71) 0.022 
*Muscle and joint pain, abdominal pain, difficulty swallowing, difficulty 
breathing, hiccups, loss of appetite, skin rash, anorexia, myalgia, dizziness, 
malaise, agitation, swollen buttocks, convulsions, chills, runny nose, chest 
pain, cough, and lethargy 
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adjoining localities spent an average of 3 days in the 
hospital and died before their clinical specimens could 
be tested and results released. In addition to necessary 
laboratory confirmation, final determination of yellow 
fever diagnosis must be made on a case-by-case basis, 
in the context of clinical manifestations, epidemiology, 
and vaccination history (18,19). Early identification and 
diagnosis, leading to prompt response, are essential 
for successfully controlling communicable disease 
outbreaks and ensuring global health security. 

Implementing the Global Health Security agenda 
(20) developed by health and allied ministries in Ghana 
has enhanced capacity for outbreak response. Improving 
advanced laboratory testing capacity and establishing 
an advanced-level field epidemiology training program 
were among other core components contributing to 
quicker response time, reduced illness and death, and 
controlled risk of spread. Diagnostic specificity was 
ensured because the molecular methods deployed in 
our laboratory investigations minimized false-positive 
test results by targeting the specific molecule of interest. 
In addition, turnaround times are shorter for molecular 
diagnostic methods than for serologic testing, decreasing 
time from specimen receipt to test result reporting. 

In disease-endemic areas, outbreaks provide historic 
patterns or trends to help guide health workers make 
preliminary diagnoses and begin case management 
before final diagnoses are laboratory confirmed. The 
yellow fever outbreak documented in our study began 
in the Savannah region of Ghana, which also recorded 
the highest numbers of confirmed cases (70) and 35 
deaths (case-fatality rate 50%). In retrospect, analysis 
of 2011 and 2015–2016 surveillance data on confirmed 
yellow fever in the region indicated a 5-year cycle of 
occurrence (21). A 2011 outbreak of yellow fever began in 
November in the Northern region (since delineated into 

Savannah and Northern regions) and by February 2012 
had spread to 10 additional regions and led to 7 deaths 
(21). In comparison, the 2021–2022 outbreak recorded 
the worst death counts and rates over the intervening 
period. That greater severity might be because initial 
cases occurred among Fulani, pastoral nomads who 
move about in remote settlements and have substantial 
populations of unvaccinated youth (22). 

In accordance with the standard algorithm for 
viral detection and means of differential diagnosis, 
we used RT-PCRs developed for VHF-associated 
viruses (10,11) and multiplex assays (12). All 188 
clinical specimens of serum or plasma received from 
the health facilities during the outbreak, in addition 
to the 12 received before the onset of the outbreak, 
were screened and tested negative for Lassa fever, 
Ebola, Marburg, dengue, chikungunya, and Zika 
viral infections. Those findings are consistent with a 
previous study in which we established that overall 
VHF incidence is low in Ghana and contributes 
little to hospital-identified morbidity (23). However, 
although yellow fever is classified as a VHF, low 
incidence does not extend to that disease, which is 
known to be endemic in Ghana.  

Using an RT-PCR assay developed to detect YFV 
RNA, we confirmed that 70/188 suspected case-
samples submitted to NMIMR during the 2021–2022 
outbreak were positive for yellow fever (10). More than 
half (102/188, 64%) of the samples received during the 
outbreak were from male patients. Combined with the 
median age of 11 years (Table 2), that finding suggests 
that the outbreak affected younger and working-aged 
men and boys engaged in nomadic pastoral lifestyles 
more than other demographic groups. This observation 
corroborates findings made in farming communities in 
other parts of Africa under similar outbreak conditions 
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Table 3. Demographics and signs/symptoms of patients in study of yellow fever in Ghana, 2021–2022 

Variable 
Yellow fever test results 

p value Negative, n = 118 Positive, n = 70 
Sex 

  
0.078 

 M 58 (50.4) 44 (63.8)  
 F 57 (49.6) 25 (36.2)  
Median age, y (interquartile range) 7 (4–19) 11 (4–23.5) 0.172 
Region 

   

 Central, Greater Accra, Western 14 (12.2) 1 (1.4) <0.001 
 Ashanti, Bono East 15 (13.0) 0 
 Savannah 65 (56.5) 58 (84.1) 
 Upper East, Upper West, Northern, North East 21 (18.3) 10 (14.5) 
 Unknown 3 1 

 

Signs/symptoms 
   

 Fever 62/88 (70.5) 44/55 (70.0) 0.205 
 Jaundice 3/47 (6.4) 2/51 (3.9) 0.58 
 Hemorrhage 4/118 (3.4) 7/70 (10.0) 0.062 
 Other† 39/118 (33.1) 35/70 (50.0) 0.021 
*Values are no. (%) except as indicated. 
†Muscle and joint pain, abdominal pain, difficulty swallowing, difficulty breathing, hiccups, loss of appetite, skin rash, anorexia, myalgia, dizziness, 
malaise, agitation, swollen buttocks, convulsions, chills, runny nose, chest pain, cough, and lethargy 

 



RESEARCH

(24). Because persons seeking healthcare, especially 
during outbreak conditions, tend to be more severely 
affected, the actual number of persons with yellow 
fever was likely higher than the number for whom 
we submitted samples to NMIMR for testing; persons 
with cases of subclinical or mildly symptomatic yellow 
fever might not have been sampled, so cases might 
have gone undetected. Reflecting the iceberg concept, 
which indicates that for each detected case there is 
considerable potential for many more undetected 
infections, it has been estimated that 1 severe case 
of yellow fever might represent an additional 3–20 
asymptomatic or mild infections (25). 

The highest percentages of clinical specimens—total 
(65%), positive (84%), and negative (57%)—came from 
the Savannah region (Table 3), which had case numbers 
>2 times those recorded from the other northern 
regions combined. That finding supports the assertion 

that the yellow fever outbreak started and peaked in 
the region. Past outbreaks in the region have occurred 
during the dry season months, October–February, as 
did the 2021–2022 outbreak. Water stored in containers 
around households provides habitat for mosquitoes 
and might increase their populations. In addition, an 
upsurge in farming activities during those periods in 
preparation for the rainy season might have led to more 
frequent exposure to mosquito vectors in remote areas. 
However, mosquito species trapped during outbreak 
investigations, including Aedes aegypti aegypti (2%), Ae. 
aegypti formosus (39%), and Culex spp. (58%), tested 
negative for YFV. This finding suggests either low virus 
density in the mosquito population sampled or the 
contribution of forest-dwelling mosquito species that 
mediate vector infection rates in sylvatic outbreaks. 

Yellow fever was commonly detected among 
symptomatic persons, including those exhibiting 
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Figure 3. Phylogenetic analysis of yellow fever virus sequences from 3 confirmed cases in Ghana during January 2021–February 2022 
(red text) compared with reference sequences obtained from GenBank in January 2022 (identified by GenBank accession number and 
country of origin).). Virus genotypes are indicated with different color nodes on the tree. Some branches with low support values were 
collapsed for clarity of presentation. Scale bar indicates substitution per site.



Yellow Fever Outbreak, Ghana

hemorrhage. Calculated percentages of patients 
screened indicated that fever, hemorrhage, and 
other signs/symptoms were predominantly 
observed for both negative and positive patients, 
although we found no statistically significant 
association between signs/symptoms and yellow 
fever detection (Table 3). Yellow fever is classified a 
VHF because of shared signs/symptoms with other 
VHFs, aside from fever among some. Patients with 
yellow fever often initially exhibit fever and general 
malaise, signs/symptoms common in other tropical 
diseases, including malaria and typhoid. Those 
similar manifestations make differentiating VHFs, 
including yellow fever, from other tropical diseases 
more difficult but vital for proper management and 
to curtail spread. 

The sequences generated from this outbreak 
investigation clustered among sequences known 
in literature and documented to be circulating in 
Ghana. Phylogenetic analysis revealed some close 
homology among the sequences from yellow fever–
positive patient samples. Although the strains 
circulated in different outbreak communities, they 
were closely related to each other and to strains 
circulating in Senegal and Cote d’Ivoire; the strains 
all clustered within West Africa genotype II. Seven 
YFV genotypes have been described (26–30), 2 in 
South America and 5 in Africa, namely West Africa 
genotype I (Nigeria, Cameroon, and Gabon), West 
Africa genotype II (Senegal, Guinea, Ivory Coast, and 
Ghana), East and Central Africa genotype (Sudan, 
Ethiopia, Central African Republic, and Democratic 
Republic of Congo), East Africa genotype (Kenya), 
and Angola genotype (Angola). Less homogeneous 
outbreaks of yellow fever have been documented 
within areas of endemicity (21). Sequences of the 2 
West Africa genotypes dominate in outbreaks for 
reasons possibly attributable to genetic variability 
that might affect the virulence of the virus. Sequences 
belonging to West Africa genotype I show more 
heterogeneity than West Africa II and East/Central 
Africa genotypes (26), which could indicate stronger 
evolutionary activity. 

In conclusion, in this yellow fever outbreak 
in Ghana, a more sensitive pathogen detection 
approach during our laboratory outbreak 
investigations enabled us to reduce time between 
the outbreak and when first cases were detected, 
which proved useful for reducing time between 
when the first cases were detected after the actual 
beginning of the outbreak and subsequent initiation 
of disease control interventions leading to more 
effective disease management. Rapid response is 

an essential component in successfully controlling 
infectious disease outbreaks and ensuring global 
health security interests. Moreover, identifying 
full-length sequences of 3 confirmed YFV strains 
provided vital genomic surveillance information 
about circulating strains and potential risks. On 
the basis of our findings, we urge increased efforts 
from health authorities to educate and vaccinate 
vulnerable groups in difficult-to-access areas to 
reduce potential risks for yellow fever infections. 
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The world is continuing to experience the  
COVID-19 pandemic, which has resulted in >767 

million reported cases and ≈6.9 million deaths (≈870 
deaths/1 million persons) through June 2023 (1). 
Those numbers are likely a huge undercount; mor-
tality has been estimated to be >3 times higher (2). 
New Zealand (Aotearoa, the commonly used Indig-
enous Māori language name for the country) expe-
rienced ≈2.4 million confirmed COVID-19 cases and 
≈3,077 COVID-19 attributed deaths (≈597 per million  

population) reported up to mid-June 2023 (3). The 
country has also experienced severe effects of the  
COVID-19 pandemic through disruptions to the 
healthcare system and economy and wider societal 
harms (4–7). However, in terms of deaths, the influen-
za pandemic of 1918–19 still remains “New Zealand’s 
worst recorded natural disaster” (8).

The 1918–19 influenza pandemic occurred in the 
final stages of World War I (WWI) and is estimated 
to have killed 50–100 million persons worldwide, 
equaling >1% of the world’s population (9). This 
particularly lethal strain of influenza A(H1N1) virus 
spread to almost all parts of the globe, leaving just 
a few isolated locations untouched. In New Zealand, 
the 1918–19 influenza pandemic spread the length of 
the country through railway and shipping routes and 
is estimated to have killed >9,000 persons (8). The ef-
fects of this pandemic were severe, stressing the exist-
ing healthcare system (already stretched by the war 
effort) and, as in other nations, affecting all aspects 
of daily life and compounding existing societal and 
economic inequities.

Past pandemics provide insight into how soci-
eties, governments, and communities are affected 
and how they might respond to an emerging disease 
threat. Indeed, failure to examine past pandemic ex-
periences limits our understanding and reduces the 
clarity of evidence and justification for future pan-
demic management and control. Given this back-
ground, we completed a historical review (Appendix,  
https://wwwnc.cdc.gov/EID/article/29/9/22-
1265-App1.pdf) to consider how this island nation re-
sponded to these 2 severe pandemics and to explore 
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Exploring the results of the COVID-19 response in New 
Zealand (Aotearoa) is warranted so that insights can in-
form future pandemic planning. We compared the CO-
VID-19 response in New Zealand to that for the more se-
vere 1918–19 influenza pandemic. Both pandemics were 
caused by respiratory viruses, but the 1918–19 pandemic 
was short, intense, and yielded a higher mortality rate. 
The government and societal responses to COVID-19 
were vastly superior; responses had a clear strategic di-
rection and included a highly effective elimination strat-
egy, border restrictions, minimal community spread for 
20 months, successful vaccination rollout, and strong 
central government support. Both pandemics involved a 
whole-of-government response, community mobilization, 
and use of public health and social measures. Neverthe-
less, lessons from 1918–19 on the necessity of action to 
prevent inequities among different social groups were not 
fully learned, as demonstrated by the COVID-19 response 
and its ongoing unequal health outcomes in New Zealand.
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whether ongoing lessons exist that are relevant both 
for today and for future pandemic planning.

1918–19 Influenza Pandemic in New Zealand
The first, relatively mild, wave of the 1918–19 in-
fluenza pandemic spread in New Zealand during 
July–October 1918. The more virulent second wave 
largely occurred during November–December 1918 
(Appendix Table 1, Figure 1, panel A). Most pan-
demic deaths in New Zealand occurred during this 
second wave, which spread nationwide in a matter 
of weeks; some localized examples of prevention 
measures, such as quarantine and travel restric-
tions, have been documented (8). Vaccine use for 
bacterial pathogens during this pandemic is docu-
mented in New Zealand and in overseas-based 
New Zealand military personnel, who were part of 
vaccine studies (11). Some limited international ev-
idence of vaccine efficacy for influenza-associated 
bacterial pneumonia (a common secondary infec-
tion) during this pandemic exists, but there was no 

coordinated distribution of vaccines to the public 
in New Zealand. This pandemic had a profound 
effect on children in New Zealand, not only as a 
result of influenza infection itself but also through 
detrimental effects on family and caregiving struc-
ture and by deaths of caregivers that left children 
orphaned (8). Evidence also exists for a sudden de-
crease in the annual birth rate in the country in 1918 
and particularly 1919, a possible result of the asso-
ciation between influenza infections, social effects, 
and stillbirths or fetal loss (12,13).

In late 2018, we published a systematic review of 
all known literature on the experience of the 1918–19 
influenza pandemic in New Zealand (12). We found 
epidemiologic patterns among residents during this 
pandemic that were consistent with international 
literature, such as a w-shaped age distribution for 
deaths (Figure 1) (8,14,15). Mortality rates were high 
among Indigenous Māori civilian and military popu-
lations compared with the European-origin popula-
tion (8,16), and risk for death was higher among New 
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Figure 1. Cumulative mortality rate (deaths/1,000 population) in New Zealand (Aotearoa) during the 1918–19 influenza pandemic (for 
European-origin persons) and during the COVID-19 pandemic (all origins), by age and sex. The 1918–19 pandemic mortality data 
cover the entire period of the pandemic in NZ and are reproduced from Summers (10) and derived/approximated from publicly available 
sources (8; https://www3.stats.govt.nz/New_Zealand_Official_Yearbooks/1924/NZOYB_1924.html). Mortality data from 1918–19 for 
the Māori population are not available; therefore, mortality rates are likely underestimates. COVID-19 mortality data cover the period 
of January 2020–December 31, 2022. Mortality data were provided by the New Zealand Ministry of Health/Manatū Hauora, and 
population totals were sourced from Stats NZ/Tatauranga Aotearoa (https://www.stats.govt.nz/topics/population). Death was classified 
as a COVID-19 death when COVID-19 was the underlying cause of death or a contributory cause of death. The figure does not 
include 3 deaths with missing demographic information or the 589 deaths that were unclassified as of December 31, 2022 (and might 
subsequently be classified as COVID-19 deaths).
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Zealand military personnel who had a preexisting 
chronic disease or were recent military recruits (8,15–
17). Unique findings focused on the novel risk factors 
for death, such as larger chest size in men (possibly 
an indicator of a different immune system response 
in men with larger bodies) (17) and lack of difference 
between mortality rates in men and women in the 
Māori population. The lack of difference in mortal-
ity rates by sex contrasted with the relatively higher 
death rates of men than women in the European-
origin population in New Zealand (as was found in 
many other countries) (12,15,18). Although this H1N1 
influenza virus was considered endemic by 1920, it 
continued to cause more severe influenza seasons for 
several more years, and long-term sequelae from the 
pandemic strain have been documented internation-
ally (19,20) (Appendix).

COVID-19 in New Zealand
The first identified case of COVID-19 in New Zealand 
was reported on February 28, 2020; the first outbreak 
peaked in March 2020 alongside the first national 
stay-at-home order (lockdown), border closures for 
noncitizens, and introduction of wide-ranging public 
health protections (Appendix Figure 1, panel B). The 
government initially adopted an elimination response 
strategy to manage the pandemic, which required 
tight border management to prevent the importation 
of COVID-19 cases and systems to extinguish out-
breaks if they occurred (21).

Relatively small COVID-19 outbreaks occurred 
in 2020 and 2021 because of incursions coupled with 
new COVID-19 variants (3,22). In response, local (in-
cluding iwi [tribal]–led), regional, and national pub-
lic health and social measures (including lockdowns) 
were put in place to contain community spread. Dur-
ing those periods, businesses were closed, work was 
restricted unless deemed essential, and the govern-
ment provided some financial assistance to business-
es and employees.

A switch from an elimination strategy to a sup-
pression strategy occurred in late 2021 during the 
Delta variant wave with the introduction of the  
COVID-19 Protection Framework (21,23). This frame-
work focused on vaccination requirements for vari-
ous indoor and public venues and included some lim-
ited travel restrictions. However, the framework was 
retired mid-September 2022, and only limited public 
health protections, such as mask-wearing in health-
care facilities, remained in place. The pandemic plan 
in New Zealand at the emergence of COVID-19 was 
(and remains as of mid-June 2023) based on a hypo-
thetical influenza pandemic and predominantly uses 

a mitigation strategy (24). Therefore, the applicabil-
ity of this plan to the characteristics of COVID-19 has 
been questioned (4).

Compared with other high-income countries, 
New Zealand experienced decreased excess winter 
deaths, a net decline in overall deaths, and an in-
crease in life expectancy during the first 2 years of the  
COVID-19 pandemic (25). The largest waves to date 
in terms of cases, hospitalizations, and deaths have 
been from the Omicron variant (and its sublineages), 
which began in early 2022 and spread nationwide (26). 
By mid-June 2023, a total of 3,077 estimated deaths at-
tributed to COVID-19 had occurred in the country (3).

The effects of COVID-19 in New Zealand have 
varied; the burden of hospitalizations and deaths 
have disproportionately affected Māori and Pacific 
persons (another ethnic grouping), and those groups 
have had lower rates of COVID-19 vaccination (al-
though the difference varies by age group) (3,6). As of 
June 9, 2023, ≈89.3% of the total eligible New Zealand 
population had received 2 vaccine doses, and ≈73.2% 
had received >1 booster (third) vaccine dose (3). The 
pandemic has also had a major effect on children and 
adolescents because of widespread disruption to edu-
cation at all ages (27).

Just over a year into the COVID-19 pandemic, the 
New Zealand government confirmed that the health 
system would be restructured to create 1 national ser-
vice delivery organization to function alongside the 
continuing Ministry of Health (focused on policy), a 
dedicated Public Health Agency, and a Māori Health 
Authority (https://www.futureofhealth.govt.nz). The 
transformed health system aims to create a “more eq-
uitable, accessible, cohesive and people-centered sys-
tem that will improve the health and wellbeing of all 
New Zealanders” (https://www.futureofhealth.govt.
nz). This health system restructure was planned before 
the COVID-19 pandemic, however; unlike the health 
system restructuring and legislative changes that oc-
curred in New Zealand after the 1918–19 influenza 
pandemic, this restructuring began during the COV-
ID-19 pandemic.

Comparison of 2 Pandemics
We identified key similarities and differences be-
tween hazards and responses across the 2 pandem-
ics (Table). Both pandemics occurred among largely 
immunologically naive populations (with some ex-
ceptions in 1918–19) (43), and large proportions of 
the population were infected with marked ethnic 
health disparities, manifesting as higher rates of ill-
ness, hospitalization, and death, among Māori and 
Pacific peoples.
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Table. Comparative summary of distinct features of 1918–19 influenza pandemic and the COVID-19 pandemic hazard and responses, 
New Zealand* 
1918–19 influenza pandemic  COVID-19 pandemic  Similarities  
Hazard and effects (both globally and in NZ, where data available) 
 Caused by influenza virus H1N1 Caused by SARS-CoV-2 

 
Likely zoonotic origins for the 
pandemic viruses 

 RNA virus that showed relatively slow  
 genetic drift through mutation 
 

Global infection fatality risk of 0.1%–2.0% up to 
June 2021 (28); NZ infection fatality risk 0.79% 
(estimated, January 2021 before vaccination) (29) 

Transmitted between humans as a 
respiratory viral pathogen 

 Probably originated in domestic and  
 wild birds (30,31) 

RNA virus showing rapid genetic shifts through 
mutation and recombination, including within-host 
evolution during chronic infection of 
immunocompromised patients (32) 

Immunologically naive population 

 Moderately transmissible, with R0  
 estimated at 2.4–4.3 (33) 

Probably originated in bats (31) High proportion of population 
infected 

 Incubation period of a few hours to 2 d  
 reported in a large US civilian hospital  
 in 1918 (34) and general influenza  
 estimates of 1–4 d (35) 

Highly transmissible with estimated R0 of 9.5 for 
Omicron variant (36) 

Marked ethnic health disparities 
experienced globally. For example, 
in NZ, notably higher death rates in 
the Māori population 

 Global case-fatality risk 1–2.5%  
 (20,37) 

Incubation period estimates differ by variant, with 
one meta-analysis reporting a pooled mean 
incubation time of 6.6 d (38) 

Higher death rates in men 
internationally 

 Global infection fatality risk >2% (28) Global estimate for case fatality risk of 1.12% as 
of July 26, 2022 (1). NZ case-fatality risk of 1.15 
in 2020 (before vaccines), reduced to 0.09% as of 
July 2022 (with high vaccine coverage) (3) 

Post-acute infection syndrome 
common 

 Infection gives long-term immunity (39) Infection gives protection that fades over 3 y (40)  
 Net effect is symptomatic infection in  
 8% of population each year (41) 

Net effect is reinfections are common (3)  

 Short, intense pandemic wave, with  
 some smaller waves in subsequent  
 years 

Repeated, prolonged pandemic waves  

 Relatively more severe illness in young  
 adults and elderly 

Relatively more severe illness in elderly and 
immunosuppressed 

 

 Devastating spread of infection from NZ  
 to surrounding Pacific nations 

Regional border quarantine measures probably 
limited spread from NZ to South Pacific 
jurisdictions 

 

Response in NZ   
 Lack of strategic response 
 

Highly strategic national control response 
(elimination for first 20 mo of pandemic) with 
vigorous public communication 

Large community/voluntary sector 
mobilization 
 

 No use of external border controls Use of tight external border controls (in the first 2 
years) 

Use of physical distancing through 
closure of public facilities, 
businesses, schools, and 
cancellation of large public events, 
although less systematically in 1918–
19 

 No specific test for pathogen available Accurate diagnostic test and organized testing 
program 

Some use of internal border controls 

 Limited use of case isolation and contact 
 quarantine 

Active contact tracing and quarantining of 
contacts 

No specific curative treatment initially 
(although supportive management 
and treatment options for COVID-19 
sufferers were developed, including 
antivirals) 

 Limited infection control in institutions Infection prevention and control in health care and 
aged care 

Iwi, hapū and marae-led care and 
support† (7,8,42) 

 No specific vaccine available Highly effective vaccines in late 2020 (within 1 
year) 

Royal Commissions of Inquiries to 
investigate pandemic responses 

 Lack of economic and social support  
 from government 

Extensive economic and social support from 
government 

 

 No widespread mask-wearing Requirements (mandates) to use masks in some 
settings to limit transmission 

 

*For greater detail of the hazards, response, and various impacts of the two pandemics in NZ, see Appendix Table 1 
(https://wwwnc.cdc.gov/EID/article/29/9/22-1265-App1.pdf). NZ, New Zealand; R0, basic reproductive number. 
†Indigenous Māori language terms: iwi refers to tribe and hapū refers to subtribe. Marae (meeting grounds) are the focal point of Māori communities and 
are a complex of carved buildings and grounds that belongs to a particular iwi, hapū, or whānau (family).  
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Both viruses are moderately to highly infectious; 
basic reproductive numbers (R0) were estimated to be 
>2.4 (Table) (37,42). A key difference is that the in-
cubation period (and serial interval) is much shorter 
for influenza. An estimate of the incubation period 
for 1918–19 influenza is a few hours to 2 days (34); 
for influenza A, 1.4 days (35). For SARS-CoV-2, by 
contrast, one mean estimate of incubation is 6.57 days 
(38). The longer incubation period for COVID-19 has 
made contact tracing and quarantine of contacts 
much more feasible.

The 1918–19 influenza pandemic caused a short, 
intense pandemic wave with high death rates that 
swept through New Zealand in <2 months (Novem-
ber–December 1918) and likely infected ≈50% of the 
population (8). The first Omicron variant wave of the 
COVID-19 pandemic moved through New Zealand 
in a similarly short period (February–April 2022). Un-
like the 1918-19 influenza pandemic, it was followed 
by a succession of waves; a second occurred in June–
August 2022, a third began in November 2022, and a 
fourth began in April 2023. These waves were each 
dominated by different Omicron subvariants (BA.1 
and BA.2 for the first wave, BA.4 and BA.5 for the 
second, and a mix of multiple Omicron subvariants in 
the third and fourth waves) (3). Influenza H1N1 (such 
as the 1918–19 influenza virus) and SARS-CoV-2 are 
RNA viruses that mutate more readily than DNA vi-
ruses (44). However, SARS-CoV-2 has demonstrated 
a capacity for sudden and frequent antigenic shifts 
that result in new variants and subvariants with mul-
tiple mutations, which enables it to escape existing 
immunity and cause high levels of reinfection and 
a succession of pandemic waves (32). One change in 
human populations between 1918–19 and 2020 on-
ward is the likely increase in the proportion of per-
sons now living with known immune suppression. 
SARS-CoV-2 appears able to cause chronic infections 
in such patients, during which it can have rapid with-
in-host evolution (32).

Of note, the lethality of H1N1 in 1918–19 (global 
infection fatality risk >2%) overlapped with the range 
reported for SARS-CoV-2 (global infection fatal-
ity risk 0.1%– 2%) before vaccines were introduced 
(28,29). After widespread COVID-19 vaccination, the 
case-fatality risk in New Zealand dropped by an or-
der of magnitude, from 1.15% in 2020 to ≈0.13% by 
the end of May 2023 (3). This decline might also re-
flect the reduced severity of the Omicron variant rela-
tive to the Delta variant, although Omicron appears 
to have similar virulence to the original variant that 
dominated during the first year of the COVID-19 pan-
demic (45). Furthermore, immunity after infection 

with H1N1 virus in 1918–19 appeared to be long-last-
ing (39). By contrast, immunity against infection gen-
erated by SARS-CoV-2 appears to fade over ≈3 years 
(40). In addition, this immunity is much less effective 
at preventing infection with subsequent COVID-19 
subvariants, although protection against severe infec-
tion appears to be well sustained after both natural 
infection and vaccination (40).

We observed a w-shaped distribution of deaths 
in New Zealand during the 1918–19 pandemic that 
was more pronounced for men than women in almost 
all age groups (Figure 1). However, we observed no 
evidence of a w-shaped distribution of deaths by age 
for COVID-19 in New Zealand; the mortality rate 
increased exponentially with older age. The rate of 
overall attributable deaths was higher among men 
than women, which is consistent with international 
findings (3,46). For both pandemics, higher mortality 
rates were observed in specific populations, such as 
Māori and Pacific peoples (3,6,8). Reported rates of 
COVID-19 illness have been generally higher among 
children and younger adults in New Zealand (3). 
However, this difference might reflect increased ex-
posure to infection because they have higher levels of 
social contact than older adults; rates of self-reporting 
among the younger population could also be higher.

A wide-ranging government response with ro-
bust community mobilization was observed dur-
ing both pandemics, as was a substantial reliance 
on charitable contributions to support persons and 
communities (Appendix Table 1) (4,8,47). Physical 
distancing measures and travel/border restrictions 
were used in both pandemics, but public health 
protections were far tighter during the COVID-19 
pandemic (particularly during 2020 and 2021). Ad-
ditional external border controls used the advantage 
of New Zealand being a remote island nation and 
having a brief window of time to implement controls 
before widespread domestic COVID-19 transmission 
occurred. However, during 1918–19, use of internal 
border restrictions was limited and inconsistent, and 
no substantial external travel restrictions or border 
control was in place. For example, a discriminatory 
travel ban on public transport for Māori (unless is-
sued a health permit) was implemented, and other 
unofficial bans were extended to other premises, such 
as business places (8).

Institutional infection control and prevention 
was limited during 1918–19, although some tempo-
rary hospitals were established for influenza patients, 
in addition to separate hospitals for Māori patients 
(8). The response in 1918–19 was unlike the response 
during COVID-19, in which extensive prevention and 
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control measures were used in a range of healthcare 
and aged-care settings and integrated into the initial 
Alert Level System and the subsequent COVID-19 
Protection Framework (21,47).

Discussion
More than a century has now passed since the 1918–
19 influenza pandemic, but it remains the worst 
public health disaster in recorded New Zealand his-
tory. More than 9,000 influenza deaths occurred in 
just a couple of months, and during the final stages 
of WWI, New Zealand residents faced a uniquely 
difficult period in the nation’s history. In particu-
lar, the Māori population was disproportionally af-
fected by the pandemic, and many Māori pandemic 
deaths probably remain undocumented (8). The re-
sponse during and after this period provides insight 
into how New Zealand society might respond to 
future disease threats, as well as to the continuing  
COVID-19 pandemic.

Probably the most fundamental difference in re-
sponses to COVID-19 and influenza was the use of a 
national control strategy, namely an elimination strat-
egy for SARS-CoV-2 (48). The early use of the elimina-
tion strategy in New Zealand in 2020 helped maintain 
a relatively low death rate in the first 2 years and re-
duced the economic impact of the COVID-19 pandem-
ic compared with other nations (1). New Zealand also 
observed an increase in life expectancy during this pe-
riod (25) and low estimates of excess deaths compared 
with a pre–COVID-19 period (≈0.02% as of May 2023), 
unlike other high-income nations, such as the United 
States (12.8%), United Kingdom (10.0%), and Sweden 
(5.1%) (1). This proactive response to COVID-19 is 
markedly different from 1918–19, when no clear strat-
egy was implemented for preventing or managing the 
influenza pandemic, resulting in substantial deaths 
and reduced birth rates in the following years (12,13).

The death patterns observed in 1918–19 high-
lighted health inequities and the factors driving them, 
such as household crowding, comorbidities, and un-
equal access to healthcare. Reasons for poorer health 
outcomes among Māori are complex; Māori persons 
in 1918–19 experienced higher rates of chronic disease 
(compared to the European-origin population in New 
Zealand), barriers in access to healthcare, and dis-
criminatory outbreak management approaches. For 
example, in 1918–19, the Māori population had a sub-
stantially higher pandemic influenza mortality rate of 
42.3 per 1,000 compared with 5.8 per 1,000 among the 
European-origin population; as a result, in the final 2 
months of 1918, an estimated 4% of the Māori popula-
tion died from pandemic influenza (8).

Those health inequities persist today (16). Al-
though the New Zealand government has acknowl-
edged failings in the COVID-19 pandemic response 
and provided some targeted support to Māori pro-
viders (and other services such as those for Pacific 
and disabled persons), cases, hospitalizations, and 
death rates for COVID-19 have been disproportional-
ly higher among those groups (3). Rates of COVID-19 
vaccination are also lower among Māori adults and 
children than among other ethnic groups. Therefore, 
the principles of equity, partnership, and active pro-
tection, as guaranteed in the Te Tiriti o Waitangi–
Treaty of Waitangi between the Government (Crown) 
and Māori, continue to be inadequately addressed 
100 years after the first pandemic. Fortunately, some 
of this deficit was addressed through Māori-led ini-
tiatives during the COVID-19 pandemic, such as basic 
living support (for example, food parcels to families 
[7]) and health service provision (for example, testing 
and vaccination drives by community groups, with 
or without government support). Several iwi (tribes) 
also initiated border controls for their tribal areas, 
emulating the approaches used in 1918–19 to limit the 
spread and severity of disease and thus protect their 
whānau (families) and communities.

When comparing the 2 pandemics, considering 
how scientific understanding has progressed and 
given us better ways of identifying, measuring, and 
describing the effect of infectious diseases is key. For 
example, the first human influenza virus was not iso-
lated until 1933, more than a decade after the 1918–19 
influenza pandemic (8). One distinct research area is 
the growing awareness of post–acute illness effects. 
The long-term effects of COVID-19 infection, which 
include both post–acute infection syndrome (long 
COVID) and organ system–specific effects (manifest-
ing as excess deaths for at least 1 year after acute in-
fection), appear to be relatively common. Long-term 
effects after the 1918–19 influenza pandemic were 
recognized, but fewer scientific tools to investigate 
them existed (19). Recent comparisons of COVID-19 
with influenza suggest that sequelae from influenza 
appear less common (49).

During 1918, WWI was continuing to have a sub-
stantial impact on daily life; ≈40% of the New Zea-
land adult male population served in the military 
during the war, and many doctors and nurses were 
stationed overseas. This huge disturbance to normal 
life meant that when the pandemic hit, fewer able-
bodied adults were available in traditional roles to 
provide assistance, and this gap was compounded 
by the higher rates of illness and death in younger 
adults. Therefore, many other residents stepped up 
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to help by volunteering in temporary hospitals, pro-
viding food and medical supplies, transporting those 
who were ill, and serving on block committees that 
managed and supported local communities by coor-
dinating relief (Figure 2) (8). Numerous examples of 
children playing essential roles during the 1918–19 
pandemic by delivering supplies and working in hos-
pitals have also been detailed (8). Similar examples 
were observed during the COVID-19 pandemic; lo-
cal communities provided food and other supplies 
throughout New Zealand (Figure 3) (7), and children 
in secondary schools took employment in essential 
roles in supermarkets while schools were closed to 
support their families and fill labor shortages. The 
government also provided economic assistance dur-
ing COVID-19, although this assistance was intermit-
tent and was particularly focused on localities experi-
encing the tightest controls.

Unlike the 1918–19 influenza pandemic, which 
was largely over in 2 months, the COVID-19 pan-
demic has sustained itself globally for >3 years. Con-
sequently, the effect of the COVID-19 pandemic on 
societal cohesion in New Zealand might be different 
from that observed during 1918–19; the ongoing CO-
VID-19 response, vaccine provision and mandates, 
and overall management by the government has led 
to increased displays of social division. This division 
suggests the ongoing need for a more equitable and 

effective pandemic response, at both national and in-
ternational levels.

Surprisingly, after 3 years of the COVID-19 pan-
demic, New Zealand still lacks a generic pandemic 
plan, and little evidence of planning for future dis-
ease threats (other than COVID-19 or influenza) ex-
ists (47). Therefore, it appears that New Zealand has 
not yet fully learned the lessons of 1918–19; the COV-
ID-19 response has largely taken a reactive approach 
to new challenges, rather than a proactive stance (47). 
A more proactive approach could have implications 
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Figure 2. Medicine department 
at the Wellington Town Hall 
during the 1918 influenza 
epidemic. Shows where the 
standard mixture and tonic 
were prepared and bottled. 
Mrs. Waters (right) was in 
charge. Taken by an unidentified 
photographer. Reproduced 
from New Zealand Free 
Lance: 1/2-C-016207-F, 1918, 
Alexander Turnbull Library: 
National Library of New Zealand, 
Wellington, New Zealand.

Figure 3. Workers at Kōkiri Marae preparing food and sanitation 
packages for the Lower Hutt and Wainuiomata communities 
during COVID-19 pandemic, New Zealand. Photograph by Luke 
Pilkinton-Ching, University of Otago, Wellington, New Zealand.
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for controlling other infectious diseases (for example, 
improving infrastructure to support improved public 
health and social measures) and managing COVID-19 
aftereffects such as long COVID and long-term effects 
on children.

Restructuring the health system during the 
COVID-19 pandemic might not have been optimal 
timing and is unlikely to incorporate all potentially 
relevant lessons from the entire period of the pan-
demic, unlike the restructuring after 1918–19. A 
Royal Commission of Inquiry investigating the re-
sponse in New Zealand to the COVID-19 pandemic 
was announced in December 2022, but the scope of 
the inquiry is constrained. It excludes, for example, 
any assessment of the effect of the health system re-
forms, the epidemiology of the COVID-19 virus, pri-
vate sector involvement, or various judgments and 
decisions related to the pandemic in various courts 
and independent agencies. A major positive feature 
is its focus on improving future pandemic prepared-
ness (50).

New Zealand’s “team of 5 million,” as former 
Prime Minister Jacinda Ardern voiced in 2020 in ref-
erence to the population, is arguably now somewhat 
fractured by the prolonged COVID-19 pandemic and 
spread of the Omicron variant. Every aspect of the 
pandemic response has also been scaled back, with 
less use of public health and social measures and 
slowing uptake of vaccination and boosters. There-
fore, it is difficult to identify, from a public health 
perspective, the government’s ongoing strategy for 
managing COVID-19, how persisting inequities as-
sociated with infection are to be addressed, or how 
those most at-risk are to be protected. However, it 
is worth remembering that New Zealand emerged 
from the devastating 1918–19 influenza pandemic 
by strengthening its health system with the goal of 
learning lessons from its pandemic response. At this 
point, there remains an opportunity for New Zea-
land and the rest of the world, to build capacity to 
prevent future pandemics and to better respond to 
them when they are unavoidable.
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Norovirus, the main cause of nonbacterial acute 
gastroenteritis (AGE) outbreaks worldwide (1), 

is a positive-sense, single-stranded RNA virus within 
the family Caliciviridae. Its genome contains 3 open 
reading frames (ORFs): ORF1 encodes a polyprotein 
cleaved into 6 nonstructural proteins, including RNA-
dependent RNA polymerase (RdRp); ORF2 encodes 
major (VP1) and ORF3 minor (VP2) capsid proteins 
(2). On the basis of VP1 amino acid sequences, noro-
viruses can be grouped into 10 genogroups (GI–GX) 
and 49 genotypes (3); GI and GII genogroups are the 
most common in human infections. 

Since 2002, GII.4 has been the predominant nor-
ovirus genotype worldwide (4,5). GII.4 Sydney nor-
ovirus recombinant with a GII.P31 polymerase, GII.4 
Sydney[P31], emerged in 2012 and caused pandemic 
illness during 2012–2013 (6). However, in 2015, a 
recombinant GII.4 Sydney[P16] norovirus emerged 
and recently became predominant in some Western 
countries (7–10). GII.4 Sydney[P16] norovirus has 
advantageous epidemic potential because of viral 
fitness from its recombinant components: emerging 
GII.P16 polymerase and persistently mutating GII.4 
VP1 (11,12). Although GII.4 Sydney[P16] norovirus 
prevalence has rarely been reported in China (13), 

its advantageous qualities raise concerns about the 
virus possibly causing an epidemic. To monitor epi-
demiologic and genetic data from GII.4 Sydney[P16] 
norovirus in China, we performed laboratory-based 
surveillance of noroviruses among children with 
AGE in Shanghai. 

The Study 
Beginning in 2016, fecal specimens were collected 
from children ≤5 years of age with AGE seen as out-
patients at Children’s Hospital of Fudan University 
in Shanghai; case-patients from local outbreaks were 
excluded. AGE is defined as 3 episodes of loose feces 
or 2 episodes of vomiting within 24 hours. We test-
ed fecal samples for GI and GII norovirus by dual-
genotyped reverse transcription PCR (RT-PCR), as 
described elsewhere (14). We genotyped sequences 
using the norovirus typing tool of the Dutch Nation-
al Institute for Public Health and the Environment 
(https://www.rivm.nl/mpf/norovirus/typingtool). 
We measured concentrations of viral RNA in noro-
virus-positive samples using real-time RT-PCR with 
primers/probe targeting the conserved ORF1–ORF2 
junction, as described elsewhere (15). 

We determined that, during January 2016–March 
2022, a total of 301/2,419 (12.4%) fecal samples from 
cases in children were norovirus-positive (Figure 1, 
panel A). Annually, the peak number of norovirus 
cases has been detected in samples taken during win-
ter, exhibiting a seasonal characteristic. Each year 
during 2016–2019, there were <60 norovirus cases; 
during 2020, the first year of the COVID-19 pandem-
ic, norovirus activity abruptly decreased to 13 cases, 
but rates then unexpectedly increased to 110 cases 
in 2021, a trend similar to the proportion of norovi-
rus cases among all gastroenteritis cases (data not 
shown). Of note, 40 (36.4%) cases were identified in 
samples taken during November–December 2021; a 
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total of 11 cases were detected in samples taken dur-
ing January–March 2022. 

We observed a dynamic profile of norovirus geno-
types in cases among children during 2016–2022 (Fig-
ure 1, panel B). Before the COVID-19 pandemic, the 
predominant genotypes were GII.4 Sydney[P31] dur-
ing 2016–2017 and GII.4 Sydney[P31] and GII.3[P12] 
during 2018–2019; however, GII.4 Sydney[P16] sud-
denly emerged in November 2020 and predominated 
in 2021. Of 110 norovirus samples in 2021, we success-
fully genotyped 100. GII.4 Sydney[P16], the predomi-
nant genotype, was identified in 60 (60%) samples, 
followed by GII.4 Sydney[P31] in 14 (14%), GII.2[P16] 
in 9 (9%), GII.3[P12] in 7 (7%), GII.17[P17] in 3 (3%), 
GII.6[P7] in 3 (3%), and other genotypes in 2 (2%).  

Of note, the proportion of GII.4 Sydney[P16] cases 
rose sharply to 42/55 (76.4%) during October–De-
cember 2021 and 7/11 (70%) cases during January–
March 2022.  

Using high-throughput sequencing, we identi-
fied 23 complete genomes of GII.4 Sydney[P16] (Gen-
Bank accession nos. OP037976–83 and OQ940068–82) 
from fecal samples. Maximum-likelihood phyloge-
netic trees of GII.4 Sydney[P16] full-length RdRp 
and VP1 genes all showed that 22 strains from No-
vember 2020–December 2021 clustered together 
with strains recently identified in Beijing (Gen-
Bank accession nos. OL336332.1, OL336335.1–41.1, 
and OL336352.1–89.1), Taiwan (ON329737.1), and 
Thailand (MW521126.1–7.1 and MW521129.1–30.1) 
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Figure 1. Emergence of recombinant GII.4 Sydney[P16] norovirus associated with acute gastroenteritis among children treated as 
outpatients in Shanghai, before and during COVID-19 pandemic, Shanghai, China, during January 2016–March 2022. A) Numbers 
of cases of norovirus-associated acute gastroenteritis. Red arrow indicates an abrupt increase in norovirus activity. B) Genotype 
(polymerase-capsid) distribution of norovirus. Different norovirus genotypes are indicated by color (key). Start date of COVID-19 
pandemic declared by World Health Organization was March 11, 2020; absent labels indicate period (September–December 2019) 
during which fecal sample collection was paused. 



Norovirus-Associated Gastroenteritis, China

(Appendix Table, https://wwwnc.cdc.gov/EID/
article/29/9/23-0383-App1.pdf), which evolved 
into a genetically distinct sublineage (tentatively 
named SHGII.4-2020) in the GII.4 Sydney[P16] clus-
ter (Figure 2). All trees showed SHGII.4-2020 most 
closely related to SH18-36, the first identified GII.4 
Sydney[P16] strain in our study, implying that 
SH18-36 might constitute an evolutionary ancestor 
of SHGII.4-2020. 

Compared with sequences of GII.4 Sydney[P16] 
strains from GenBank, SHGII.4-2020 had 19 aa muta-
tions: 10 in nonstructural proteins (T169S and L305F 
in p48; K84R, V88I and I168V in p22; K103R in VPg; 
K54R, V125A, A311T and N427T in RdRp), 2 in VP1 
(R297H and D372N), and 7 in VP2 (K80R, A108V, 
A128S, N157T, T164A, I174T and N207S) (Appendix 
Figure 1). In VP1, R297H and D372N substitutions 

were mapped to the main antigenic epitope A, and 
D372N was also present around the HBGA binding 
site II (Appendix Figure 2). Those 2 residues, 297H 
and 372N, were only identified in certain previous 
GII.4 Sydney[P16] strains (MG002631.1, MH922876, 
and MK754444). Three substitutions, K54R, V125A, 
and N427T, were located on the surface of RdRp (Ap-
pendix Figure 2); A312T resided adjacent to motif B. 
In addition, we found 7 unique mutations in Shang-
hai strains. Further studies of these SHGII.4-2020 mu-
tations are needed to better understand their role in 
its emergence. 

We performed comparative clinical analysis of 
SHGII.4-2020, GII.4 Sydney[P31] and GII.3[P12] cases. 
The median age of SHGII.4-2020 case-patients (21.5 
months, interquartile range [IQR] 15–50.3 months) was 
older than those for GII.4 Sydney[P12] (12 months, IQR 
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Figure 2. Phylogenetic analysis of newly identified GII.4 Sydney[P16] noroviruses in Shanghai, China, 2020–2022. Maximum-likelihood 
phylogenetic trees show complete genome (A), RNA-dependent RNA polymerase (RdRp) (B), and VP1 (C) gene sequences for newly 
identified GII.4 Sydney[P16] strains (n = 23) in Shanghai. A total of 123 genomic sequences, 162 RdRp, and 220 VP1 nucleotide 
sequences were collected for analyses from GenBank by BLASTN (https://blast.ncbi.nlm.nih.gov/Blast.cgi) relative to sequence of 
SH18-36. All trees were generated with datasets of 1,000 replicates by PhyML 3.1 (http://www.atgc-montpellier.fr/phyml/versions.
php). Pink shading indicates new sublineage (tentatively named SHGII.4-2020) in GII.4 Sydney[P16] cluster. Branches of each strain 
in SHGII.4-2020 are indicated by color according to identified positions; red indicates GII.4 Sydney[P16] strains identified in this study, 
except SH18-36. Numbers on ancestral nodes represent node support values.

 
Table. Comparisons of sociodemographic and clinical characteristics between GII.4 Sydney[P16] norovirus and GII.4 
Sydney[P31]/GII.3[P12] norovirus infection in norovirus–positive children, Shanghai, China, January 2016–March 2022* 
Characteristic GII.4 Sydney[P16]  GII.4 Sydney[P31]  p value† GII.3[P12]  p value‡ 
Total no. patients 63 120  47  
Median patient age, mo (IQR) 21.5 (15–50.3) 12 (9–19.3) <0.0001§ 12 (8–26.75) 0.004§ 
Age range, mo      
 <12  9 (14.3) 47 (39.2) 0.001¶ 18 (38.3) 0.004¶ 
 12–36  31 (49.2) 63 (52.5) 0.672¶ 19 (40.4) 0.360¶ 
 >36  23 (36.5) 10 (8.3) <0.001 10 (21.3) 0.085¶ 
F:M ratio 0.58:1 0.5:1 0.744# 0.48:1 0.688# 
Signs/symptoms      
 Total no. patients with signs/symptoms 60 112 NA 44 NA 
 Diarrhea 45 (75.0) 93 (83.0) 0.586¶ 33 (75.0) 0.579¶ 
  Duration <5 d 33 (73.3) 64 (68.8) 0.821¶ 26 (78.8) 0.837¶ 
  Duration >5 d 12 (26.7) 29 (31.2) 0.687¶ 7 (21.2) 0.664¶ 
 Vomiting 35 (58.3) 40 (35.7) <0.001¶ 17 (38.6) 0.047¶ 
 Fever 18 (30.0) 20 (17.9) 0.067¶ 17 (38.6) 0.357¶ 
 Abdominal cramps 9 (15) 2 (1.8) 0.02¶ 6 (13.6) 0.845¶ 
*Values are no. (%) patients except as indicated. Bold indicates statistical significance. NA, not applicable 
†Denotes comparison between GII.4 Sydney[P16] and GII.4 Sydney[P31].  
‡Indicates comparison between GII.4 Sydney[P16] and GII.3[P12]. 
§By 2 test. 
¶For the comparison of the median age between groups; calculated by Mann-Whitney U-test.  
#By Fisher exact test. 
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9–19.3 months) and GII.3[P12] (12 months, IQR 8–26.75 
months; p<0.005) case-patients (Table). We observed 
SHGII.4-2020 more commonly than GII.4 Sydney[P31] 
among children >36 months of age, whereas the con-
verse was true among children <12 months of age 
(p<0.005) (Table). Vomiting was a more common clini-
cal sign among SHGII.4-2020 case-patients than among 
GII.4 Sydney[P31] and GII.3[P12] case-patients (p<0.05) 
(Table). The median viral RNA load (cycle threshold 
value) for SHGII.4-2020 (15.86, IQR 13.95–18.74) was 
higher than those for GII.4 Sydney[P31] (17.00, IQR 
15.11–20.32; p = 0.0372) and GII.3[P12] (17.98, IQR 
15.76–21.75; p = 0.0093) (Appendix Figure 3). Five sam-
ples with high cycle threshold values (>25.0) for each 
genotype were randomly selected for primer/probe 
sequence mismatch analysis; no mismatch was found. 

Conclusions
We provide evidence that GII.4 Sydney[P16] norovi-
rus has evolved into a new sublineage, SHGII.4-2020, 
that carries multiple mutations and is circulat-
ing in different regions of China. We found that 
SHGII.4-2020 became the predominant norovirus 
genotype and resulted in an abrupt increase in diag-
nosed cases among children treated as outpatients at 
a hospital in Shanghai during 2021–2022. Based on 
data from CaliciNet China, GII.2[P16] was identified 
as the dominant genotype in 2016–2020 norovirus 
outbreaks in China (13), but more recent data have 
not been reported. The viral load for SHGII.4-2020 
was higher than for GII.4 Sydney[P31] and GII.3[P12] 
noroviruses, suggesting the higher viral replica-
tion efficiency and transmissibility of SHGII.4-2020. 
However, further multivariate analyses are needed 
to exclude potential confounding factors, such as 
time interval from sign and symptom onset to sam-
ple collection, which may have biased those results. 
The higher proportion of case-patients experiencing 
vomiting during infection with SHGII.4-2020 is of 
particular clinical and epidemiologic interest because 
this symptom profile may affect how that norovirus 
strain spreads and cause a changes in epidemiology. 
Although our study was limited by a small number of 
cases and its single-center setting, our findings high-
light the need for continuous long-term monitoring 
for global spread of SHGII.4-2020 and emergence of 
newly evolving GII.4 norovirus variants.  
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Natural Science Foundation of China (no. 82202495), Gen-
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Highly pathogenic avian influenza (HPAI) 
A(H5N1) viruses grouped within hemaggluti-

nin (HA) gene clade 2.3.4.4b are spreading globally 
and causing high mortality among domestic and wild 
birds (1). In addition, the viruses have spilled over to 
several nonavian species, including humans (2). To 
contain HPAI outbreaks, poultry exposed to or in-
fected with HPAI viruses have been culled, resulting 
in disposal of ≈131 million domestic birds globally in 
2022 (3). Therefore, HPAI viruses pose a threat not 
only to public health because of zoonotic potential 
but also to food security.

In late 2021, HPAI H5N1 virus clade 2.3.4.4b, 
which had spread predominantly in Europe, Asia, 
and Africa, was detected in wild birds in North 
America and, shortly after, in domestic poultry (3–5). 
In October 2022, this virus reached South America 
and was officially reported in Colombia; it later was 
also reported in Peru, Ecuador, and Venezuela (2). 
We describe detection of this virus clade in wild birds 
in Chile.

The Study
In early December 2022, increased wild bird deaths 
were detected across the north coast of Chile (Figure 
1). Wild birds, mainly pelicans, were found dead or 
dying (Figure 2). By December 22, 2022, the official 
Veterinary Services of the Agricultural and Livestock 
Service of Chile had collected 1,368 samples for HPAI 
virus detection and epidemiologic investigation: 
1,080 from domestic birds and 288 from wild birds 
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/29/9/23-0067-App1.pdf). We performed a 
total of 578 real-time qualitative reverse transcrip-
tion PCR (qRT-PCR) reactions to detect active avian 
influenza virus (AIV) infection and 754 agar gel im-
munodiffusion (AGID) tests to detect previous AIV 
exposure (Appendix Table 2).

We initially performed qRT-PCR by using Vet-
MAX-Gold AIV Detection Kit (Applied Biosystems/
Thermo Fisher Scientific, https://www.thermofisher.
com), targeting the AIV matrix gene. Then, we tested 
positive samples with specific H5 qRT-PCR according 
to US Department of Agriculture (USDA) National 
Veterinary Services Laboratories standard protocols 
(nos. 1732.02, 1767.01, and 1768.01). We tested 13 tis-
sue samples, 2 (15%) of which were positive; 248 tra-
cheal swab samples, 43 (17%) of which were positive; 
314 cloacal swab samples, 47 (15%) of which were pos-
itive; and 3 oral swab samples, 1 (33%) of which was 
positive. Among all samples tested by qRT-PCR, 93 
(16%) were H5 AIV–positive with cycle threshold (Ct) 
values <40. Among positive samples, 18 were from 
the Arica y Parinacota region, 18 were from Tarapa-
ca, 53 were from Antofagasta, and 4 were from Ata-
cama (Figure 1). No domestic poultry samples were 
AIV-positive, but among wild bird species, H5 AIV 
was detected most frequently among Peruvian peli-
cans (Pelecanus thagus) (n = 50, 54%), turkey vultures  
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In December 2022, highly pathogenic avian influenza 
A(H5N1) clade 2.3.4.4b virus emerged in Chile. We de-
tected H5N1 virus in 93 samples and obtained 9 whole-
genome sequences of strains from wild birds. Phyloge-
netic analysis suggests multiple viral introductions into 
South America. Continued surveillance is needed to as-
sess risks to humans and domestic poultry.
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(Cathartes aura) (n = 12, 13%), and Peruvian boobies 
(Sula variegata) (n = 10, 11%) (Appendix Table 1).

We evaluated 754 serum samples by using the of-
ficial AGID against AIV antigens ribonucleoprotein 
and matrix protein, according to USDA protocols 
(https://www.aphis.usda.gov/animal_health/lab_
info_services/downloads/Avian_AGID_SOP.pdf) 
(6). We found no positive serum samples (Appendix 
Table 2). 

We selected 11 H5 AIV–positive samples from 
the initial outbreak according to Ct values (Ct <27) 
and location; 9 samples were from pelicans and 2 
from gulls, representing 3 administrative regions of 
Chile. We obtained whole-genome AIV sequences by 
initial amplification using a multisegment 1-step RT-
PCR (7), then performed next-generation nanopore 

sequencing by using the Native Barcoding Kit 96 and 
MinION platform (Oxford Nanopore Technologies, 
https://nanoporetech.com), according to the manu-
facturer’s instructions. We filtered nanopore reads in 
FASTQ (https://github.com/mcollina/fastq) accord-
ing to the average quality (Phred score >7) and length 
<2,600 bp by using NanoFit (8). We assembled ge-
nomes according to reference by using the nanopore 
ARTIC pipeline version 1.2.3 (https://artic.network), 
which we modified by using a relevant reference 
and to account for the primer sets (Appendix). We 
used influenza strain A/Falco_rusticolus/EdoMex/
CPA-19638–22/2022(H5N1) (GenBank accession nos. 
OP691321–28) as the reference. We used the National 
Center for Biotechnology Information Influenza Virus 
Sequence Annotation Tool (9) to check and annotate 
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Figure 1. Distribution of 
samples collected and tested 
for HPAIV H5N1 clade 2.3.4.4b 
virus in wild birds, Chile. A) Map 
of Chile shows regions positive 
and negative for HPAIV. B) 
Detail of area in which affected 
birds were sampled. Size and 
color of circles indicate sample 
size and percent positivity. 
HPAIV, highly pathogenic avian 
influenza virus.
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assembled genomes and conducted H5 clade classi-
fication by using an online subspecies classification 
tool (10). We conducted a BLAST search (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) to choose the refer-
ence from preliminary assembled contigs constructed 
with filtered reads that we de novo assembled by us-
ing Canu (11). We obtained sequences with a mean 
coverage depth of 33,381× for 10 samples; 9 of 10 ge-
nomes were complete (Appendix Table 3).

All positive samples were classified as H5 sub-
type clade 2.3.4.4b. We inferred Bayesian evolution-
ary analysis sampling trees for HA and neuramini-
dase (NA), and maximum-likelihood trees for internal 
segments (Appendix). A/Peru/LIM-003/2022 and 
A/Peru/LAM-002/2022 (GISAID accession nos. EPI_
ISL_16249730 and EPI_ISL_16249681) were the most 
closely related HA sequences found in the GISAID 
database (12) (Appendix Figure 1). We observed 
similar results from phylogenies for NA and internal 
genes (Appendix Figures 2–8). Sequences from Peru 
corresponded to isolates collected in November 2022 
from domestic chickens from Lima (12′S latitude) and 
Lambayeque (6′S latitude). On internal gene analyses, 
HPAI virus sequences available from Ecuador and 
Mexico grouped closely to the Chile–Peru subcluster 
(Appendix Figures 3–8). For HA, the Chile–Peru sub-
cluster showed a nonsynonymous mutation, T392A 
(L131Q), previously associated with antigenic vari-
ability in H5N1 virus strains (13). We found other 
synonymous and nonsynonymous mutations in NA 
(L269M and S339P) and internal genes (Appendix Ta-
ble 4), but those mutations have not been associated 
with phenotypic changes.

The phylogenetic tree for the HA segment 
showed that the sequences from Chile and Peru were 
closely related to a recent ancestor from North Amer-
ica that was detected during October–November  

2022, and the Chile–Peru sequences had closely re-
lated ancestors among strains from North America 
(Appendix Figure 1). A sequence from Ecuador 
grouped in a paraphyletic branch with different se-
quences from North America and had a time to most 
recent common ancestor estimated at August 27, 
2022 (95% highest posterior density July 10–Septem-
ber 21). The sequences from Venezuela had a lon-
ger branch in the phylogeny reconstruction. Those 
sequences were more closely related to strains col-
lected earlier in the year from North America and 
had a time to most recent common ancestor esti-
mated at February 2, 2022 (95% highest posterior 
density January 15–February 23). The NA, matrix, 
and polymerase acidic sequences from Venezuela 
also grouped outside the Chile–Peru subcluster in 
the maximum-likelihood phylogenies (Appendix 
Figures 2, 5, 7). The phylogenetic clustering with dif-
ferent sequences from North America suggests that 
viruses from Venezuela might have resulted from 
separate introductions into South America. How-
ever, because of the low availability of HPAI H5N1 
virus sequences from Central and South America, 
conclusions on the origin of the cluster in Chile  
are limited. 

Previous studies suggest that the HPAI H5N1 vi-
rus clade 2.3.4.4b was introduced into North Amer-
ica multiple times across the East Asia–Australasia/
Pacific and Atlantic Flyways and was subsequently 
disseminated to other flyways (4,14,15). The flyways 
reach the southernmost tip of South America, repre-
senting a high-risk route for HPAIV dissemination 
across the continent.

Conclusions
According to official data, as of January 18, 2023, 
HPAI H5N1 viruses have disseminated as far as the 
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Figure 2. Images of Peruvian 
pelicans (Pelecanus thagus) 
collected and sampled for highly 
pathogenic avian influenza virus 
H5N1 clade 2.3.4.4b, Chile. A) 
Dead pelican found on land near 
shoreline; B) ill pelican in water 
near shoreline.
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Maule region (35 south latitude) of Chile; no poul-
try cases have been confirmed. The Agricultural and 
Livestock Service of Chile implemented a contingen-
cy plan to perform extensive surveillance and rein-
force biosecurity measurements to avoid introduction 
of HPAI virus into domestic poultry. The impact of 
HPAI H5N1 virus in the country, and the potential 
for introduction of the virus from Chile to Antarctica, 
remain to be fully elucidated.

This article was preprinted at https://doi.org/10.1101/ 
2023.04.07.535949.
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Mpox is caused by the monkeypox virus (MPXV), 
a double-stranded DNA orthopoxvirus with 2 

known clades: clade I (formerly Congo Basin or Cen-
tral African clade); and clade II (formerly West Afri-
can clade), which encompasses 2 subclades (IIa and 
IIb) (1–3). Cases of mpox have been identified in the 
Central African Republic (CAR) since 2001 and have 
increased over time (4). The growing number of cases 
can be explained by the widening geographic spread 
of the disease and intensified case-finding activities 
(5). However, official figures probably underestimate 
the incidence of mpox, which principally occurs in 
remote areas, where many cases may go undetected 
because of a lack of diagnostic capacity.

The Ministry of Health and Population set up a 
passive surveillance program for mpox in 2010. Un-
der this program, specimens are collected from all 
suspected case-patients with illness meeting the stan-
dardized case definition (Appendix, https://wwwnc. 
cdc.gov/EID/article/29/9/23-0514-App1.pdf), 
which is disseminated to all health professionals in 
CAR through regular training sessions and posters 

displayed in health facilities. Specimens are sent for 
biologic confirmation by PCR to the national refer-
ence laboratory at Institut Pasteur de Bangui (IPB). 
Whenever possible, contact tracing is conducted after 
identification of confirmed cases.

Since 2016, each specimen received at IPB is test-
ed for MPXV by real-time PCR. After specimen pro-
cessing, 200 µL of each sample are extracted by using 
the QIAamp Viral DNA Mini Kit (QIAGEN, https://
www.qiagen.com) according to the manufacturer’s 
instructions. The reactions are performed in 25 µL 
volume containing 12.5 µL of TaqMan Universal 
PCR Master Mix (Thermo Fisher Scientific, https://
www.thermofisher.com), 4.5 µL of nuclease-free wa-
ter (Thermo Fisher), 1 µL of each 10 µmol/L primer 
developed by TaqMan technology (Thermo Fisher), 
using the generic primer (G2RG) and clade I–specific 
(C3L) primers and 5 µL of extracted DNA (6). On the 
basis of these same concentrations, varicella zoster vi-
rus (VZV) primers (VZV open reading frame 63) are 
also used (7).

The Study
We conducted a retrospective descriptive study. By 
using results from all specimens collected from pa-
tients with suspected mpox under the national mpox 
surveillance program during 2016–2022, we aimed to 
describe the mpox landscape in CAR and evaluate 
the agreement of mpox test results (including cycle 
threshold [Ct] values) generated using the G2RG and 
C3L primers and different specimen types (blood, ac-
tive lesion, or scab).

During 2016–2022, a total of 494 specimens (278 
blood, 99 active lesion, 95 scab, and 22 oropharyn-
geal) from 302 patients were received and tested for 
suspected mpox at IPB. Of the total 302 suspected 
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During 2016–2022, PCR testing confirmed 100 mpox 
cases among 302 suspected cases in the Central African 
Republic. The highest detection rates were from active 
lesions (40%) and scabs (36%); cycle thresholds were 
lower (≈18) than those for blood samples (≈33). Results 
were consistent for generic primer– and clade I primer–
specific PCR tests.
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case-patients, 105 (35%) were positive for MPXV on 
>1 specimen (varying 19%–64% annually) (Figure 1). 
Of the 105 MPXV-positive patients, 3 (3%) were also 
positive for VZV. Of the 197 MPVX-negative patients, 
82 (42%) were positive for VZV and 108 (55%) were 
negative for both MPXV and VZV. The remaining 7 
patients were not tested for VZV.

The highest percentage of MPXV-positive speci-
mens derived from the Lobaye and Mbomou prefec-
tures, which together contributed 58% of mpox cases 
overall. MPXV detection rates varied by prefecture: 
Sangha Mbaere, 24/40 specimens (60%); Lobaye, 
35/106 specimens (33%); Mbomou, 25/74 specimens 
(34%); and Bangui 2/41 specimens (5%) (Appendix 
Table 1).

Significantly more female patients were among 
MPXV-positive than VZV-positive case-patients (p = 
0.03) but not among case-patients who were negative 
for both viruses. The median age across all suspected 
case-patients was 14 years; we observed no statisti-
cally significant difference between the median ages 
of confirmed case-patients with mpox (17 years) and 
VZV (20 years) infections. The median age of case-pa-
tients who tested negative on both tests was signifi-
cantly lower (9 years) (Appendix Table 1).

Blood specimens were positive for MPXV on 
G2RG in 77/278 (28%) of cases, active lesions in 
45/102 (44%), scabs in 36/98 (37%), and oropharyn-
geal specimens in 3/22 (14%) (Table 1). Of specimens 
returning a positive result on G2RG, the median Ct 
was 32.11 (interquartile range [IQR] 29.12–35.45) for 
blood specimens, 18.92 (IQR 17.42–23.43) for active le-
sions, 18.07 (16.19–19.82) for scabs, and 30.15 (28.04–
32.56) for oropharyngeal specimens (Table 2). Similar 
values were returned by C3L. For paired specimens 
(Appendix Table 2), we observed either substantial (κ 
0.61–0.80) or almost perfect (κ 0.81–1.00) agreement of 
a positive or negative result on pairwise comparisons 
of tests conducted on different specimens types on ei-
ther G2RG or C3L.

The Ct values of G2RG and C3L on blood were 
significantly higher than in active lesion and scabs, 
whereas we observed no difference between active 
lesion and scab specimens. We observed no statisti-
cally significant difference between the Ct values 

generated on G2RG and C3L on the same specimens. 
(Figure 2)

Conclusions
Approximately one third of suspected mpox cases in 
CAR are confirmed MPXV infections; an additional 
2/5 are VZV infections, leaving ≈3/5 cases of papu-
lovesicular cutaneous eruptions undiagnosed. Most 
mpox and VZV infections were diagnosed in teenag-
ers and young adults, with an even younger popula-
tion remaining undiagnosed.

Although cases of mpox are generally detected 
across the heavily forested, southern parts of CAR, 
mpox detection rates vary across prefectures. Some 
prefectures, such as Sangha Mbaere, have a high de-
tection rate of MPXV (60%) over VZV (5%), whereas 
in others, such as Bangui, detection is much lower 
(MPXV 5%, VZV 46%). The varying detection rates 
between prefectures could be linked to local life-
styles and practices, as well as social instability. In 
the southwest region, local communities primar-
ily subsist through hunting and gathering, spending 
long periods in mpox-endemic forest, which may in-
crease the risk for exposure to the virus; however, in 
the southeast, mpox-endemic bushlands are used for 
farming and as a place of passage or temporary habi-
tation for communities that have been displaced by 
social instability.

Our study also detected significantly more female 
patients among mpox-positive than VZV-positive  
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Figure 1. Laboratory test results for persons with suspected mpox 
cases, by year, Central African Republic, 2016–2022. Of 302 
suspected cases during the study period, 105 (35%) had positive 
results for monkeypox virus on >1 specimen.

 
Table 1. Test results by specimen type and test type for MPXV and VZV in a study assessing laboratory diagnosis of mpox, Central 
African Republic, 2016–2022* 

Specimen type 
MPXV (G2RG) 

 
MPXV (C3L) 

 
VZV 

Positive Negative Positive Negative Positive Negative 
Blood 77/278 (28) 201/278 (72)  73/278 (26) 205/278 (74)  62/260 (24) 198/260 (76) 
Active lesion 45/102 (44) 57/102 (56)  45/102 (44) 57/102 (56)  42/108 (39) 66/108 (61) 
Scab 36/98 (37) 62/98 (63)  37/98 (38) 61/98 (62)  38/100 (38) 62/100 (62) 
Oropharyngeal 3/22 (14) 19/22 (86)  2/22 (9) 20/22 (91)  6/22 (27) 16/22 (73) 
*Data are no. positive/no. tested (%). C3L, clade I–specific primer; G2RG, generic primer; MPXV, monkeypox virus; VZV, varicella–zoster virus. 
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cases, which may be explained by increased risk for 
infection through multiple routes of exposure to po-
tentially infected sources. For example, women are 
primarily responsible for skinning and cooking wild 
game hunted in the forest and are the primary care-
takers for family members who fall ill.

Our results demonstrate very high agreement in 
PCR results between primers. The results also high-
light the need to prioritize active lesion and scab 
specimens over blood specimens, given that their rel-
atively higher viral loads for MPXV and VZV enable 
better detection.

CAR faces special geographic, social, and 
healthcare challenges, leading to substantial delays 
between symptoms onset, diagnosis, and care. The 
reported case-fatality ratio for clade I mpox cases 
varies widely and is often cited as 11% (8) but has 
also been as low as 1.4% in Democratic Republic of 
Congo (P.R. Pittman et al., unpub. data, https://doi.
org/10.1101/2022.05.26.22273379) and 6.7% in CAR 
(9). To improve patient outcomes in CAR, diagnostic 
capacity needs to be strengthened through greater 

availability of point-of-care testing and through 
support by more active epidemiologic and genomic 
surveillance that can be implemented with a wider 
range of partners.
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After 2 years of minimal incidence of SARS-CoV-2 
infections in Hong Kong, the Omicron BA.2 

variant began to spread in January 2022. The result-
ing 5th COVID-19 wave in Hong Kong’s population 
of 7.3 million persons resulted in >1 million cases 
and >9,000 deaths during February–April 2022, de-
spite high overall vaccine coverage (1). After a low 
point of <200 cases/day in mid-May, the number of 
cases resurged, resulting in a 6th wave beginning in 
June 2022.

Schools in Hong Kong were intermittently 
closed throughout the 5th wave, and online learn-
ing began in February 2022. The summer holiday 
(conventionally 6 weeks during mid-July–August) 
was rescheduled to March and April, with a short-
er 2-week summer holiday at the end of August. 
Schools resumed in-person learning in May 2022, 
and a range of public health and social measures 
were imposed to reduce COVID-19 transmission 
risk among staff and students (Table 1; Appen-
dix Tables 1, 2, https://wwwnc.cdc.gov/EID/
article/29/9/22-1897-App1.pdf), including mask 
wearing, requiring negative results of daily self-
administered rapid antigen tests (RAT) (Appendix  

Table 3) for staff and students before entering 
school, reducing class sizes and lesson durations, 
and fulfilling certain vaccination requirements.

School closures or class dismissals can cause sub-
stantial harm, such as negatively affecting education, 
social and emotional development, and physical and 
mental health of children and young persons (2,3). 
Hence, rigorous evaluation of public health effects of 
school-based measures are needed to guide disease 
control and prevention policies. We analyzed epide-
miologic and school-reported data to determine the 
effects of school-based measures on COVID-19 trans-
mission in Hong Kong during 2022.

The Study
The study was approved by the Institutional Re-
view Board of the University of Hong Kong. We 
analyzed COVID-19 data reported to the Hong 
Kong Centre for Health Protection that included 
PCR-confirmed cases during January 1–November 
22, 2022, and RAT-confirmed cases during Febru-
ary 26–November 22, 2022. Confirmative PCR was 
administered for RAT-confirmed cases reported 
during June 7–August 28, 2022. We found that age-
specific incidence rate ratios for infections in chil-
dren compared with adults (>18 years of age) in the 
6th wave were slightly higher than in the 5th wave 
(Figure 1).

We divided the study period into 3 segments: 
school closure, summer holiday, and normal school 
days (days other than closures and holidays). We 
stratified cases into 4 age groups: 2–5 years (pre-
school/kindergarten students), 6–11 years (pri-
mary school students), 12–17 years (secondary 
school students), and >18 years (adults). We used 
a Poisson generalized additive regression model, 
adjusting for time trend of COVID-19 cases and in-
cluding the age groups and study periods (Appen-
dix), to determine the effects of school closure and  
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We show that school closures reduced COVID-19 inci-
dence rates in children by 31%–46% in Hong Kong in 
2022. After school reopening accompanied by mask 
mandates, daily rapid testing, and vaccination require-
ments, school-reported cases correlated with community 
incidence rates. Safe school reopening is possible when 
appropriate preventive measures are used.



Effects of School-Based Measures on COVID-19

summer holiday on COVID-19 transmission in 
school-age children.

During normal school days (Table 2), the  
COVID-19 incidence rate for kindergarten students 
was 24% (95% CI 22%–25%), for primary school stu-
dents was 34% (95% CI 32%–35%), and for secondary 
school students was 19% (95% CI 18%–20%) higher 
than for adults, suggesting that school-age children 
had a higher infection risk than adults during nor-
mal school days. During the 5th-wave school closure, 
the incidence rate for kindergarten students was 31% 
(95% CI 29%–32%), for primary students was 42% 
(95% CI 41%–43%), and for secondary students was 
46% (95% CI 46%–47%) lower than for adults. During 
the summer holiday when most schools were closed 
during the 6th wave, the COVID-19 incidence rate for 
kindergarten students was 12% (95% CI 9%–15%), for 
primary students was 28% (95% CI 26%–30%), and 
for secondary students was 32% (95% CI 30%–34%) 
lower than for adults. Assuming that school-based 
interventions had no effect on adults, effectiveness of 
school closure on reducing COVID-19 transmission 

was 31%–46% during the 5th wave and 12%–32% 
during the 6th wave.

We collected school-related data from daily 
press conferences and press releases, including 
numbers of school-reported cases (students and 
staff), class suspensions, and schools reporting >1 
case during periods of in-person learning (Appen-
dix). Excluding summer holidays, weekly case num-
bers in the community were highly correlated with 
weekly numbers of school-reported student and 
staff cases (Pearson correlation coefficient r = 0.77, 
95% CI 0.54–0.89), schools reporting >1 case (r = 0.75; 
95% CI 0.51–0.88), and >2 cases of class suspension 
(r = 0.81, 95% CI 0.61–0.91) (Figure 2). Among 299 
suspected school clusters, defined as schools that re-
ported>2 COVID-19 cases within 7 days, a total of 66 
(22%) had >5 cases and 22 (7%) had >10 cases. The 
largest suspected cluster recorded 53 cases in a sec-
ondary school that had ≈750 students and ≈75 staff. 
The second-largest suspected cluster had 35 cases in 
an international school that had ≈960 primary and 
secondary students.
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Table 1. Summary of territorywide preventive measures implemented during the 5th and 6th waves of the COVID-19 outbreak in Hong 
Kong evaluated in study of effects of school-based preventive measures on COVID-19 incidence, 2022 
Preventive measures Focus Period 
Masks 
 A person must wear a mask at all times when entering or 
attending school. 

School staff, students 2020 Jan 23–2023 Feb 28 

School closure 
 Suspend face-to-face classes and on-campus activities Kindergarten and primary 

school students 
2022 Jan 14–2022 Apr 18 

Students in secondary schools 2022 Jan 24–2022 Apr 28 
 Allow some mask-wearing activities on a half-day basis Kindergarten, primary school, 

and secondary school students 
2022 May 19–2022 Oct 31 

 Resume half-day nonacademic extracurricular activities for those 
 who received 2 vaccine doses >14 d apart 

Students in primary schools 2022 Oct 25–2023 Feb 14 

 Resume half-day nonacademic extracurricular activities for those 
 who received 3 vaccine doses >14 d apart 

Students in secondary schools 2022 Oct 1–2023 Jan 31 

 Resume whole-day face-to-face classes if >90% of vaccination-
 eligible students (entire school or at individual class level) 
 received >2 vaccine doses >14 d apart 

Students in secondary schools 2022 Nov 1–2023 Jan 31 

 Resume whole-day face-to-face classes if >70% of vaccination-
 eligible students (entire school or at individual class level) 
 received >2 vaccine doses >14 d apart 

Students in primary schools 2022 Dec 1–2023 Feb 14 

 Resume whole-day face-to-face classes Students in secondary schools Beginning 2023 Feb 1 
 Resume whole-day face-to-face classes Students in primary schools Beginning 2023 Feb 15  
COVID-19 tests 
 Daily rapid antigen test result is required before returning to 
 school for work or lessons 

School staff and students 2022 Apr 19–2023 Mar 15 

Vaccine pass 
 A valid vaccine pass is required for school entry School staff, students12–17 

years of age 
2022 Feb 23–2022 Dec 29 

Vaccination 
 >1 dose Students 5–11 years of age 2022 Sep 30–2022 Nov 29 

School staff, students 12–17 
years of age 

2022 Feb 24–2022 Jun 29 

 >2 doses Students 5–11 years of age 2022 Nov 30–2023 Feb 15 
School staff, students 12–17 

years of age 
2022 Jun 30–2022 Nov 29 

 >3 doses School staff, students 12–17 
years of age 

2022 Nov 30–2023 Feb 1 
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Conclusions
We found that school-age children had a higher 
SARS-CoV-2 infection risk than adults in Hong 
Kong, consistent with another study suggesting 
that children were more susceptible to Omicron 
variants compared with adults (4). School closure 
and summer holiday effectively reduced incidence 
rates in school-age children during the 5th and 
6th COVID-19 waves, aligning with modeling and 

simulation studies demonstrating the effectiveness 
of school closure in reducing COVID-19 transmis-
sion (5–7). We noted that the reduction in incidence 
rates for school-age children during school closure 
in the 5th wave was greater than that during the 
summer holiday in the 6th wave. Potential expla-
nations for those results are that schools might 
not have been completely closed during summer 
holiday, possibly increasing the number of con-
tacts between children; that Omicron BA.4/BA.5 
variants were more prevalent during the 6th wave 
(Appendix Figure 1); or that higher ascertainment 
rates existed among students who had RAT used to  
detect COVID-19.

The strong positive correlation between school-
reported data and community case numbers after 
school reopening indicated school reopening did not 
cause abnormal increases in community COVID-19 
incidence. The largest suspected school cluster had 53 
COVID-19 cases, comparable to other superspreading 
events, such as the 67-case cluster caused by Omicron 
BA.1 and 167-case cluster caused by Omicron BA.2 in 
January 2022 (8). Those results suggest that school re-
opening did not pose additional superspreading risks 
in school settings. 

The first limitation of our study is that some 
school-reported COVID-19 infections could have 
originated elsewhere in the community, such as 
at home, instead of in schools. Although students 
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Figure 1. Epidemiology of 5th and 6th COVID-19 outbreak waves, Hong Kong, 2022, evaluated in study of effects of school-based 
preventive measures on COVID-19 incidence. A) Epidemic curves of 5th (February–April 2022, left) and 6th (beginning in June 2022, 
right) COVID-19 waves according to reporting date and test type. B) Incidence rate ratios of school-age children in kindergarten (age 
2–5 y), primary schools (age 6–11 y), and secondary schools (age 12–17 y) in the 5th and 6th COVID-19 waves. Referent was adults 
(age >18 y). Yellow shading indicates a school holiday. RAT, rapid antigen test.

 
Table 2. Incidence rate and incidence rate ratio estimates 
according to the Poisson generalized additive regression model 
in study of effects of school-based preventive measures on 
COVID-19 incidence, Hong Kong, 2022* 
Period and age group Incidence rate†  IRR (95% CI) 
Normal school days 
 Age, y 
  >18 169 Referent 
  2–5 204 1.24 (1.22–1.25) 
  6–11 220 1.34 (1.32–1.35) 
  12–17 196 1.19 (1.18–1.2) 
School closure 
 Age, y 
  >18 727 Referent 
  2–5 622 0.69 (0.68–0.71) 
  6–11 560 0.58 (0.57–0.59) 
  12–17 461 0.54 (0.53–0.54) 
Summer holiday 
 Age, y 
  >18 292 Referent 
  2–5 370 0.88 (0.85–0.91) 
  6–11 324 0.72 (0.7–0.74) 
  12–17 275 0.68 (0.66–0.7) 
*Adjusted for the time trend of COVID-19 cases. IRR, incidence rate ratio. 
†Per 1,000 person-years. 

 



Effects of School-Based Measures on COVID-19

and staff were required to conduct daily rapid tests 
and report positive results to schools and the gov-
ernment, underreporting cannot be ruled out. Sec-
ond, we extracted school outbreak data from press 
conferences; thus, some details could have been 
missed. Third, we cannot exclude the possibility 
that some schools did not fully adhere to guide-
lines, particularly regarding class size and lesson 
duration; however, we lacked school-level data to 
account for that possibility. Fourth, our analysis did 
not account for changes in dominant virus strains 
(Omicron BA.2 in the 5th wave, Omicron BA.5 in 
the 6th wave). Finally, we considered school-based 
measures as a collective package and were unable 
to determine individual effects of specific measures 
on COVID-19 transmission.

In summary, we evaluated school closure 
and school reopening accompanied by multilayer 
school-based preventive measures for COVID-19 in 
Hong Kong, which was informative as a guide for 
implementing and relaxing those measures. Our re-
sults might not be directly generalizable for other 
respiratory pathogens because of differences in 
transmission and intervention effectiveness. How-
ever, our results are consistent with modeling stud-
ies suggesting that safe school reopening is pos-
sible when appropriate alternative school-based 
preventive measures are used (9–12). If resurgence 
in case numbers or emergence of variants with 
higher transmissibility in children occurs, school 
closure remains an option to reduce transmission 
among children.
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As the most commonly reported vector-borne disease in the  
United States, Lyme disease represents a significant economic burden 

to individual people and US society. While approximately 476,000 
cases of Lyme disease are diagnosed in the United States annually, 

comprehensive economic evaluations are lacking. Using a  
cost-of-illness analysis, researchers uncovered a substantial  

financial burden that underscores the need for effective prevention 
methods to reduce the incidence of Lyme disease in the US.

In this EID podcast, Dr. Sarah Hook, an epidemiologist at  
CDC in Fort Collins, Colorado, discusses the economic  

burden of Lyme disease in the United States.

EID Podcast 

Economic Burden of Reported Lyme Disease  
in High-Incidence Areas, United States, 2014–2016

Visit our website to listen: 
https://go.usa.gov/xJ7Zr 



During the ongoing mpox outbreak that began in 
2022, severe oropharyngeal manifestations of 

mpox have been described (1–3). Co-infections have 
been diagnosed frequently in patients with mpox, no-
tably sexually transmitted infections (1,2). We report 
on 2 cases of co-infection with pharyngeal monkey-
pox virus (MPXV) and group A Streptococcus (GAS) 
in patients in the United States.

The Study
In August 2022, the Centers for Disease Control and 
Prevention was consulted about 2 patients. Patient A 
had GAS pharyngitis, suspected mpox with pharyn-
geal manifestations, and airway compromise; patient 
B had confirmed mpox and pharyngitis and pharyn-
geal swab samples that tested positive for 3 patho-
gens, including MPXV.

In August 2022, patient A, a 39-year-old man who 
had a history of substance use disorder and unstable 
housing, was seen at an emergency department be-
cause of severe odynophagia and myalgias. Physical 
examination revealed posterior oropharyngeal ery-
thema, uvula edema, and tonsillar exudates. A pha-
ryngeal swab sample was PCR positive for GAS; he 
received 1 dose of oral dexamethasone and was pre-
scribed penicillin. The patient returned 4 days later 
because dysphagia, dyspnea, and a new maculopap-
ular rash on his arms and chest had developed. He 
was treated with epinephrine, methylprednisolone, 
and intravenous dexamethasone for a presumed al-
lergic reaction to penicillin. A computed tomography 
scan of his neck showed substantial cervical lymph-
adenopathy (Figure 1, panel A) and extensive soft 
tissue edema and inflammation of the soft palate, 
uvula, tonsils, epiglottis, and retropharyngeal tissues. 
Flexible laryngoscopy showed ulcerative, vesicular 
lesions on the epiglottis. He left the emergency de-
partment against medical advice with prescriptions 
for clindamycin and dexamethasone.

The next day, the patient was found lying on the 
ground, obtunded and with labored breathing, and 
was brought to the emergency department. He was 
immediately intubated and admitted to intensive 
care. A repeat computed tomography scan of his 
neck showed that his airway was dependent on the 
endotracheal tube; he had extensive soft tissue ede-
ma and cervical lymphadenopathy (Figure 1, panel 
B). He was treated for anaphylaxis with epinephrine 
and methylprednisolone and also received broad- 
spectrum antimicrobial drugs. He had a diffuse 
papulopustular rash consistent with mpox (4). Re-
sults of HIV antigen-antibody and PCR tests were 
negative. Video laryngoscopy showed edema and 
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We report 2 cases of pharyngeal monkeypox virus and 
group A Streptococcus co-infection in the United States. 
No rash was observed when pharyngitis symptoms be-
gan. One patient required intubation before mpox was 
diagnosed. Healthcare providers should be aware of oro-
pharyngeal mpox manifestations and possible co-infec-
tions; early treatment might prevent serious complications.
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erythema of the pharynx, uvula, and epiglottis 
and multiple ulcers within the pharynx (Figure 2). 
PCR results were negative for herpes simplex and 
varicella zoster virus in skin lesion samples. Swab 
samples were collected from skin and pharyngeal 
lesions to test for orthopoxvirus (OPXV) by PCR. 
On hospitalization day 3, histological examination 
of a skin lesion punch biopsy was consistent with 
OPXV infection, and the patient was started on in-
travenous tecovirimat. On hospital day 4, PCR re-
sults of all swab samples from the skin (PCR cycle 
threshold 16.63 for left thigh and 17.02 for right 
neck) and pharyngeal (cycle threshold 17.30) lei-
sons were positive for OPXV, and he was given 
intravenous cidofovir. He had negative test results 
for Epstein-Barr virus, cytomegalovirus, syphilis, 
and pharyngeal gonorrhea and chlamydia. Over the 
next several days, the patient’s skin lesions crusted, 
and airway edema decreased. He was extubated 
on hospital day 8. We obtained exposure history; 
the patient denied contact with persons who had 
mpox and said his last sexual encounter was with a 
female partner 4 weeks before symptom onset. He 
was discharged on hospitalization day 10.

In July 2022, patient B, a 36-year-old man with 
HIV infection (374 CD4+ cells/mm3; viral load was 
suppressed on antiretroviral treatment) sought care 
at a clinic for a genital rash. He had engaged in anal 
and oral sex with multiple male partners during 
the previous 30 days. A swab sample from the rash 
tested positive for OPXV by PCR. A swab sample 
from his pharynx tested positive for Neisseria gonor-
rhoeae by PCR, and a rapid plasma reagin test had 
a positive titer of 1:16 (titer was 1:2 in March 2022). 
The patient received intramuscular ceftriaxone and 
penicillin, and his rash resolved. He returned to 
the clinic 8 weeks later with severe odynophagia, 
but no rash was observed after examination. He 
had a gray-white exudate and ulcers in his phar-
ynx from which swab samples were collected. He 
was empirically treated with 1 dose of ceftriax-
one and a course of oral doxycycline. He returned 
3 days later with substantial left-sided anterior  
cervical lymphadenopathy (>2 cm) and was pre-
scribed oral penicillin, after which his symptoms 
improved. Results from oropharyngeal swab sam-
ples were positive for GAS, N. gonorrhoeae, and 
OPXV by PCR.
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Figure 1. Computed tomography 
scans of patient’s neck in study 
of pharyngeal co-infections with 
monkeypox virus and group A 
Streptococcus, United States, 
2022. A) Sagittal view of neck 
of patient A (39-year-old man) 
showing massive cervical 
lymphadenopathy (red circle 
and arrow). B) Axial view of 
hypopharynx of patient A after 
intubation with endotracheal 
tube. Asterisks show enlarged 
cervical lymph nodes. Patient was 
dependent on endotracheal tube 
because of soft tissue edema 
along the airway. ET, endotracheal 
tube; OGT, orogastric tube.

Figure 2. Video laryngoscopy 
images of patient larynx and 
pharynx in study of pharyngeal 
co-infections with monkeypox 
virus and group A Streptococcus, 
United States, 2022. A) View 
of oropharynx, hypopharynx, 
and laryngeal inlet of patient A 
(39-year-old man). Arrows indicate 
mpox lesions. B) Detailed view 
of mpox lesions. Arrows indicate 
several lesions. EP, epiglottis; ET, 
endotracheal tube; OP, oropharynx 
(lateral wall); T, tongue.
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Conclusions
We show that MPXV infections of the pharynx can 
co-occur with other oropharyngeal infections. Similar 
to findings from other reported cases in the literature, 
patient A illustrates that mpox manifestations can be 
oropharyngeal and include pharyngitis, odynopha-
gia, epiglottitis, and oral and tonsillar lesions (1–3). In 
both of these cases, a rash was not noted at the time 
of pharyngeal symptoms. If a patient is suspected of 
having mpox-related oropharyngeal lesions, those 
lesions should be tested for OPXV/MPXV; if lesions 
exist at multiple sites, samples from all sites should 
be tested. Furthermore, healthcare providers should 
consider testing patients with suspected or confirmed 
mpox and pharyngeal symptoms for GAS, sexually 
transmitted infections, and other infections, guided 
by clinical findings and epidemiologic risk.

During the 2003 mpox outbreak in the United 
States, oropharyngeal lesions and considerable cervi-
cal and tonsillar lymphadenopathy developed in an 
otherwise healthy child with mpox who was hospi-
talized with dyspnea and dysphagia, but intubation 
was not required (5). During the ongoing outbreak, 
severe or critical illness secondary to oropharyngeal 
mpox manifestations has been described, albeit of-
ten in persons with advanced HIV disease (3,6). In 
2 reported cases, patients with mpox required in-
tubation secondary to airway compromise. In con-
trast to patient A in our report, those patients had 
underlying immunocompromising conditions (3). 
Healthcare providers should consider early antiviral 
treatment for patients with suspected or laboratory-
confirmed mpox disease who have severe clinical 
manifestations (7), including oropharynx involve-
ment, or have comorbidities that increase their risk 
for severe disease (8).

We were unable to determine the relative contri-
bution of MPXV to illness compared with other patho-
gens in the 2 cases. Although GAS might have been 
a colonizing organism, GAS carriage among adults 
is uncommon (9). Both patients had clinical features 
and laboratory results consistent with GAS infection 
(10,11), for which antimicrobial drug treatment is rec-
ommended (11), and were treated accordingly. OPXV 
detection in samples from the oropharynx of patient 
B might have represented ongoing infection; the ef-
fect of mpox antiviral treatment on viral clearance  
is unknown.

Corticosteroids were used initially in patient A 
until mpox was suspected. Short courses of cortico-
steroids are used to treat severe acute pharyngitis 
symptoms (12) and pharyngeal edema (13). Cor-
ticosteroids can decrease duration and severity of  

symptoms in patients with GAS pharyngitis; howev-
er, given the potential adverse effects of steroids and 
effectiveness of antimicrobial drugs, systemic steroids 
are generally not recommended (11). Further studies 
are needed to determine whether corticosteroids have 
a role in mpox treatment, including in patients with 
complications such as pharyngeal edema or massive 
cervical lymphadenopathy.

In summary, healthcare providers should be 
aware that MPXV infections of the pharynx can be 
severe, can co-occur with other pharyngeal infec-
tions, and can manifest in the absence of a rash. Early 
antiviral treatment of mpox in patients with oropha-
ryngeal manifestations and early diagnosis and treat-
ment of pharyngeal co-infections might prevent seri-
ous complications.

The Centers for Disease Control and Prevention offers an 
mpox clinical consultation service for the ongoing mpox 
outbreak. Healthcare providers seeking additional clinical 
guidance can contact the Centers for Disease Control  
and Prevention emergency operations by telephone at 
(770) 488-7100.
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Chikungunya is a mosquitoborne disease caused 
by the chikungunya virus (CHIKV), a single-

stranded positive-sense RNA virus belonging to the 
family Togaviridae (1), which is transmitted to hu-
mans through the bite of infected Aedes aegypti and 
Ae. albopictus mosquitoes. This disease is generally 
an acute, self-limiting illness characterized by fever 
and severe joint pain, although persistent or relaps-
ing joint pain can occur (1). Atypical and severe mani-
festations (including meningoencephalitis) have been 

reported, and death is usually associated with older 
ages and other underlying diseases. Mother-to-child 
transmission of CHIKV occurs, and neonatal disease 
can be severe, with neurologic, myocardial, or hemor-
rhagic complications (1).

CHIKV can be classified into 4 distinct genotypes: 
West African, East/Central/South African (ECSA), 
Asian, and Indian Ocean lineages (2,3). An imported 
case of CHIKV in Paraguay was detected in June 2014 
in a person from the Dominican Republic (4). Using 
on-site genomic monitoring, phylodynamic and epi-
demiologic approaches, we characterized the large-
scale and ongoing CHIKV epidemic in Paraguay.

The Study
This study was reviewed and approved by the  
Pan American Health Organization (PAHO) Ethics  
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The spread of Chikungunya virus is a major public 
health concern in the Americas. There were >120,000 
cases and 51 deaths in 2023, of which 46 occurred in 
Paraguay. Using a suite of genomic, phylodynamic, and 
epidemiologic techniques, we characterized the ongoing 
large chikungunya epidemic in Paraguay.
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Review Committee (PAHO no. 2016-08-0029) and by 
the Paraguayan Ministry of Public Health and Social 
Welfare (MSPyBS/SG no. 0944/18). Samples used in 
this study were deidentified residual samples from 
routine diagnosis of arboviruses in the Paraguayan 
Public Health Laboratory, which is part of the public 
network within the Paraguayan Ministry of Health.

We partnered with PAHO to perform on-site 
genomic surveillance at the Laboratorio Central de 
Salud Pública in Asunción, Paraguay. During March 
11–17, 2023, a team of molecular biologists from Brazil 
and Paraguay worked with selected samples (based 
on cycle threshold [Ct] values <35 and availability 
of epidemiologic metadata, generating 179 viral ge-
nomes deposited in GenBank under accession nos. 
OQ775394–567 and OQ567722–5). We performed 
sequencing by using Nanopore technology (5). We 
constructed phylogenetic trees to explore the evolu-
tionary and epidemiologic relationships of CHIKV in 
Paraguay with those of other sequences of this viral 

genotype sampled globally. We retrieved from Gen-
Bank 715 CHIKV ECSA genome sequences collected 
through March 30, 2023, with associated lineage date 
and country of collection,. We compiled a description 
of the relevant methods used (Appendix 1, https://
wwwnc.cdc.gov/EID/article/29/9/23-0523-App1.
pdf) and strains analyzed (Appendix 2, https://ww-
wnc.cdc.gov/EID/article/29/9/23-0523-App2.xlsx).

Autochthonous infections were detected in Para-
guay in 2015, and CHIKV has been detected in the 
country every year since that date (Appendix 1 Figure 
1, panel A). On the basis of reported suspected CHIKV 
infections, Paraguay has had 4 epidemic waves, in 
2015, 2016, 2018, and 2023, all associated with summer 
months (Appendix 1 Figure 1, panel A). During Octo-
ber 2, 2022–April 10, 2023, a total of 118,179 suspected 
and confirmed infections were reported, including 
3,510 hospitalized case-patients and 46 deaths (4,6). 
Neonates have accounted for 0.3% (n = 162) of these 
cases and 8 deaths. In addition, 294 suspected cases 
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Figure 1. Spatial and temporal distribution of cases of chikungunya in Paraguay. A) Temperature trends during 1981–2022. Yearly 
mean (red line), yearly minimum and maximum (light gray shading), yearly 50% quantiles (dark gray shading), minimum and maximum 
temperatures in 1981 (dashed gray lines) and mean temperature in 1981 (dashed red line) are shown. B) Number of chikungunya virus 
genome sequences in Paraguay compared with Brazil (by region) and Haiti. Size of circles indicates number of new genomes generated 
in this study. C) Weekly reported chikungunya cases (gray area), incidence normalized per 100,000 persons (blue line), and cumulative 
deaths (green line) during 2022–2023 (through epidemiologic week 11). Red bars indicate dates of sample collection of genomes 
generated in this study. PY, patient-year.
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of acute meningoencephalitis have been reported, 125 
(43%) of which have been attributed to CHIKV (5,6).

Although yearly minimum temperatures across 
Paraguay have remained stable over the past 40 
years, mean and maximum yearly temperatures have 
been steadily increasing, and the rapid and large re-
surgence of CHIKV in 2022 coincided with the high-
est mean temperatures reported (Figure 1, panel A). 
Before 2022, confirmed infections were restricted to 
the Central, Paraguarí, and Amambay Districts; the 
Central District dominated the reports (Appendix 1 
Figure 1, panel B). After viral resurgence in 2022, con-
firmed infections have been reported in all districts 
(Appendix 1).

We screened 179 quantitative reverse transcrip-
tion PCR–positive samples for CHIKV. All con-
tained sufficient DNA (>2 ng/µL) to proceed with 
library preparation, and their PCR Ct values were a 
mean of 21 (range 9–34) (Appendix 2). Samples had 
good spatial representation of southern Paraguay 
(10/17 districts) (Figure 1, panel B), including sev-
eral districts that had the highest historical counts 
of CHIKV infections (Appendix 1) and captured the 
out-season and in-season periods of transmission 
(autumn and early winter 2022 and summer 2023) 

(Figure 1, panel C). Analysis of sample sequence 
coverage versus Ct showed an average coverage of 
94% among samples and a Ct of 28, below which 
average coverage >90% was achieved (Figure 2; 
Appendix 1). Most genomes (87%) were obtained 
from serum samples, the rest from cerebrospinal 
fluid; 54% were from female and 46% from male 
patients, and the mean age of the samples was 41 
(range 26–95) days (Appendix 2).

Most (58%) genomes were from CHIKV infec-
tion outcomes in outpatients, followed by fatal (18%), 
intensive care unit (17%) and inpatient (7%) infec-
tions (Figure 1; Appendix 1). Compared with outpa-
tient outcomes, we found a clear association of fatal 
outcomes in older age groups (Figure 1). The same 
comparison with outcomes requiring medical atten-
tion (ICU, inpatients) was not statistically significant 
(Figure 1). This observation contrasted the common 
notion that CHIKV symptomatic infections are more 
frequent in older age groups (7).

To determine the dynamics of the CHIKV ECSA 
in Paraguay, we performed phylodynamic analysis 
of a dataset comprising 715 available representative  
genomes combined with viruses sequenced in this 
study (n = 179, collected during April 6, 2022–March 
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Figure 2. Expansion of the chikungunya East/Central/South/African lineage epidemic in Paraguay. A) Regression of root-to-tip genetic 
distances and sampling dates estimated by using TempEst version 1.5.3, (http://tree.bio.ed.ac.uk/software/tempest), buffers (shaded 
area) representing 90% CIs. Colors indicate geographic location of sampling. B) Spatiotemporal reconstruction of the spread of CHIKV 
ECSA in Paraguay. Circles represent nodes of the maximum clade credibility phylogeny, colored according to their inferred time of 
occurrence (scale shown). Shaded areas represent 80% highest posterior density interval and depict uncertainty of the phylogeographic 
estimates for each node. Solid curved lines indicate links between nodes and directionality of movement. Differences in population 
density are shown on a gray-white scale.
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10, 2023) (Figure 1). A date-stamped phylogeny in-
dicated that all the novel isolates formed a single, 
large, well-supported monophyletic group, denoted 
Paraguay clade 2, within the CHIKV ECSA Ameri-
can clade. This result strongly suggests that the 
2022–2023 epidemic was not related to cross-border 
transmission from Brazil, as reported (8) (Figure 1), 
but was more likely the result of continual transmis-
sion within Paraguay over a period of 11 months of a 
viral strain that was introduced in the region in early 
2022 (Figures 1, 2).

To investigate evolution of the Paraguay clade 
2 in more detail, we used a smaller dataset (n = 
179) representing this virus clade in isolation. We 
found a relatively strong correlation between sam-
pling date and root-to-tip genetic divergence in 
this dataset (r2 = 0.40, correlation coefficient = 0.60), 
indicating relatively clock-like virus evolution 
(Figure 2). Phylogeographic analysis of Paraguay 
clade 2 enabled reconstruction of viral movements 
among different districts in Paraguay (Figure 2) 
and suggested a mean time of origin in late March 
2022 (95% highest posterior density March 25, 2022–
April 5, 2022). Viruses from this clade spread mul-
tiple times from the Midwestern District (Distrito 
Capital and Central Regions) toward the Southeast 
(Itapúa) and to the Midwest, as indicated by virus 
sequences from the Presidente Hayes and the Cor-
dillera Regions (Figure 2).

Virus transmission dynamics roughly followed 
patterns of population density, moving most of-
ten between the most populous urban localities  
(Figure 1 panel B; Figure 2). Because it is recognized 
that both nonsynonymous and synonymous muta-
tions can lead to changes in viral RNA (9,10), affect-
ing splicing, stability, translation, or cotranslational 
protein folding, additional studies will be necessary 
to determine the potential effects of mutations on 
structure and function and, thus, on viral pathogen-
esis and fitness.

Conclusions
This study highlights the resurgence of CHIKV 
ECSA in Paraguay during 2022–2023. Our findings 
provide evidence of lineage persistence over a pe-
riod of 11 months preceding resurgence and report 
the notable coincidence of virus resurgence and the 
highest mean temperatures recorded in Paraguay. 
Those 2 factors, combined with presence of the vec-
tors and a large proportion of the population sus-
ceptible to CHIKV probably generated an ideal 
scenario for the observed fast and large CHIKV epi-
demic wave that started at the end of 2022. Given the  

association of ongoing resurgence with a specific lin-
eage of CHIKV ECSA with 2 synonymous changes 
in nonstructural proteins 3 and 4 and uncertainty 
of how the ongoing epidemic will unfold, genomic 
surveillance should remain active to track real-time 
evolution and spatial spread, contributing to public 
health risk assessments in Paraguay and other coun-
tries in South America.
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phylogenetics and phylogeography as tools to recreate  
and understand determinants of viral outbreaks and how 
that information can be translated into public policy  
recommendations.
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etymologia revisited
Norovirus
[nor′-o-vi′rәs]

Genus of viruses that cause viral gastroenteritis. Noro-
viruses are named after the original strain, “Norwalk 

virus,” which caused an outbreak of acute gastroenteritis 
among children at an elementary school in Norwalk, Ohio, 
in 1968. Numerous outbreaks of disease with similar symp-
toms have been reported since, and the etiologic agents were 
called “Norwalk-like viruses” or “small round-structured 
viruses.” Noroviruses are transmitted primarily through 
the fecal-oral route and are highly contagious; as few as 10 
viral particles may infect a person.
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In October 2010, a United Nations peacekeeping 
mission to Haiti following a highly destructive 

earthquake inadvertently introduced cholera (1,2), 
leading to ≈820,000 cases and ≈10,000 deaths over the 
following 9 years (3). The last confirmed case from 
that outbreak was reported in January 2019 (4), com-
mencing a 3-year period with no confirmed cases. 
Unfortunately, following a wave of sociopolitical 
instability that compromised sanitation, 2 cases of 
cholera were reported on October 2, 2022, and a new 
outbreak began thereafter; as of February 24, 2023, 
the outbreak had led to >33,000 suspected cases and 
590 registered deaths (5). Phylogenetic analyses sug-
gested the current strain descended from the Vibrio 
cholerae O1 Ogawa strain responsible for the original 
outbreak (6; C.N. Mavian et al., unpub data; http://
medrxiv.org/lookup/doi/10.1101/2022.11.21.222825
26). Although previous infection or vaccination can 

provide protective immunity, persons not exposed 
to cholera during the earlier outbreak would be im-
munologically naive and at higher risk for infection, a 
hypothesis supported by high reported rates of chol-
era in young children (5). 

After exposure to V. cholerae, the predominant 
adaptive antibody response is to cholera toxin and 
lipopolysaccharide (LPS) (7). However, the most 
clearly defined nonmechanistic correlate of protec-
tion for cholera is presence of vibriocidal antibodies 
that target the O-specific antigen of the V. cholerae 
LPS (8,9). Circulating antibody titers peak within 
several weeks after infection and slowly wane to 
baseline over ensuing months, with high levels of 
variability among patients (8). Killed whole-cell oral 
cholera vaccines (OCVs), such as those distributed 
during vaccination campaigns in Haiti, are 58% ef-
fective for the first 2 years, but effectiveness declines 
to 26% by 4 years after vaccination (10). Children 
>5 years of age show ≈50% OCV protection level 
at 2-year follow-up compared with adults (11). Be-
cause no natural infections were reported and vac-
cinations were not administered during the 3 years 
preceding the 2022 outbreak, we investigated the 
presence of V. cholerae–specific antibodies in adults 
and children by analyzing samples collected in a 
cross-sectional serologic survey in 2 communes in 
the Ouest Department of Haiti conducted before the 
2022 outbreak. 

The Study 
We collected dried blood spots from 861 enrolled 
participants, 564 adults and 297 children (<18 years 
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A Vibrio cholerae O1 outbreak emerged in Haiti in Oc-
tober 2022 after years of cholera absence. In samples 
from a 2021 serosurvey, we found lower circulating an-
tibodies against V. cholerae lipopolysaccharide in chil-
dren <5 years of age and no vibriocidal antibodies, sug-
gesting high susceptibility to cholera, especially among 
young children. 
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of age) (Table 1); 62.6% were female and 37.4% male. 
A small percentage of participants self-reported 
previous cholera vaccination (1.2%; n = 10) or clini-
cal disease (4.3%; n = 37). We performed ELISAs on 
all dried blood spot eluates to assess the quantity of 
circulating cholera toxin B (CtxB) or V. cholerae–spe-
cific LPS antibodies. For persons with IgG titers for 
either epitope >2 SD above the mean, we performed 
vibriocidal assays to assess presence of functional an-
tibodies (Appendix, https://wwwnc.cdc.gov/EID/
article/29/9/23-0174-App1.pdf). 

We measured antibody titers for V. cholerae LPS 
and CtxB for both IgG and IgA isotypes in all par-
ticipants (Figure 1, panel A). Children <5 years of age 
had significantly lower titers of both LPS IgG and IgA 
compared with older children and adults (p<0.0001; 
Figure 2, panels A, B; Appendix Table 1). CtxB IgG 
was elevated in children <5 years of age (p = 0.0033), 
especially those 1 (p = 0.0024) or 2 (p = 0.0011) years 
of age (Figure 2, panel C). We found significant dif-
ferences in CtxB IgA among children <5 years of age, 
older children, and adults, but this finding was driv-
en by results from children <1 year of age, who may 
lack antibodies for reasons unrelated to V. cholerae ex-
posure (Figure 2, panel D; Appendix Table 1) (12). Us-
ing generalized additive model–based splines, we es-
timated a significant positive nonlinear association of 
IgA isotypes with age (LPS: effective degrees of free-
dom [EDF] 3.4, p<0.0001; CtxB: EDF 2.0, p<0.0001) 
(Appendix Figure 1). This association was not signifi-
cant for IgG isotypes (LPS: EDF 4.9, p = 0.12; CtxB: 
EDF 1.0, p = 0.13). We conducted vibriocidal assays 
on a subset (n = 51/861, 5.9%) of samples (Appendix), 
but no tested samples had detectable vibriocidal re-
sponses (Figure 1, panel B). 

Conclusions
In this cross-sectional serologic survey within Haiti, 
we detected low rates of circulating IgG and IgA for 
LPS and CtxB. Children 1–4 years of age had lower 
titers of LPS IgG and IgA compared with adults and 
children >5 years of age. Children 1–2 years of age 
had elevated CtxB IgG titers, which may reflect the 
cross-reactive nature of CtxB antibodies with the 
heat-labile toxin of enterotoxigenic Escherichia coli, 
which has the highest force of infection among en-
teric pathogens among children in Haiti (13). Because 
of that inherent cross-reactivity for CtxB, LPS IgG is 
a more specific measure for history of exposure to 
V. cholerae, and the IgG isotype is a more meaning-
ful for comparisons among age groups. However, we 
detected no vibriocidal antibodies, the best available 
correlate for protection against cholera. 

Association of results of serologic assays used in 
our study with previous V. cholerae O1 infection has 
been shown based on longitudinal studies of culture-
confirmed cholera patients (9) and with protection 
against disease based on studies of household con-
tacts of index cases and in human challenge studies 
(8,13,14). Our data were consistent with data on lim-
ited recent disease transmission and antigenic expo-
sure in Haiti, especially among young children born 
during the period in which little pandemic V. cholerae 
was circulating. Those serologic data suggest that per-
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Table. Characteristics of 861 participants from serologic study of 
Vibrio cholerae–specific antibodies before a cholera outbreak in 
Haiti, 2022 
Characteristic No. (%) 
Sex  
 M 322 (37.4) 
 F 539 (62.6) 
Age group, y  
 Adults ≥18 564 (65.5) 
 Children 5–17 297 (34.5) 
 Children <5 112 (13) 
Cholera vaccination status  
 Vaccinated 10 (1.2) 
 Not vaccinated 847 (98.4) 
 Unsure 4 (0.4) 
Prior infection  
 Yes 37 (4.3) 
 No 822 (95.5) 
 Unsure 2 (0.2) 
 

Figure 1. Vibrio cholerae–specific and functional antibodies 
among participants in a serologic study conducted before a 
cholera outbreak in Haiti, 2022. We performed ELISAs for both 
IgG and IgA serotypes on all 861 samples for LPS and CtxB. 
Horizontal lines indicate medians; error bars indicate interquartile 
ranges. CtxB, cholera toxin subunit B; LPS, lipopolysaccharide.
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sons in communities in Haiti who were serosurveyed, 
especially children <5 years of age, may have limited 
preexisting immunologic protection against cholera. 

The 2022 outbreak was caused by a V. cholerae 
Ogawa isolate that aligns with isolates circulating 
during the 2010–2019 outbreak (6; C.N. Mavian et al., 
unpub data). The degree to which V. cholerae circulat-
ed in human and environmental reservoirs at a level 
below the threshold detectable by the surveillance 
infrastructure during the period between outbreaks 
is unknown. The intersection between low levels of 
circulating cholera and declining population immu-
nity, combined with the collapse of clean water and 
sanitation infrastructure, likely put residents of Haiti 
at risk for cholera and led to the 2022 outbreak. 

This study was limited by risk of enrollment 
bias because only 28% of the households screened  

consented to participate. Given disproportionate sam-
pling in low population density grid cells, true distri-
bution of cholera incidence across the population of 
Haiti would need to be adjusted before using these 
data for future serosurveillance research. In addition, 
observations of relatively lower IgA titers in children 
1–4 years of age might have been part of a larger trend 
of IgA responses increasing with age, a confounding 
factor that might inaccurately reflect the number of 
specific exposures. Third, ELISA was limited by avail-
ability of quantitative and matrix-matched controls, 
leading us to use convalescent plasma as positive and 
naive serum as negative controls. Fourth, selecting 
samples with high ELISA units for vibriocidal assays 
may have missed samples with lower antibody levels 
that harbored functional antibodies. Finally, our se-
rosurvey was limited to 2 adjacent communes in the 
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Figure 2. Antibody titers by age, vaccination status, and previous history of infection among participants in a serologic study conducted 
before a cholera outbreak in Haiti, 2022. We compared antibody titers for lipopolysaccharide (LPS) and cholera toxin subunit B (CtxB) 
between children <5 years of age (n = 112) and adults and children >5 years of age for LPS IgG (A), LPS IgA (B), CtxB IgG (C), and 
CtxB IgA (D). We made statistical comparisons between the <5- and ≥5-year age groups using an unpaired 2-tailed Student t test. 
Individual year-by-year comparisons were compared using 1-way analysis of variance. Horizontal lines indicate medians; error 
bars indicate interquartile ranges. Significant p values are indicated.
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Ouest Department of Haiti; hence, findings may not 
be generalizable to other parts of the country. 

In summary, our population-based serosurvey 
of 2 Haitian communities revealed a lack of func-
tional antibodies and significantly lower V. cholerae 
LPS–specific IgG among young children than older 
children and adults. These findings suggest persons, 
especially young children, in Haiti may have high 
susceptibility to cholera cases and outbreaks. 
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SARS-CoV-2 transmission has been identified in Ja-
pan since early 2020, and by the end of 2022, ≈29 

million COVID-19 diagnosed cases had been reported 
(1). However, case-based surveillance of COVID-19 
may underestimate the total number of infections 
because undiagnosed persons with mild symptoms 
or asymptomatic infection might not seek treatment. 
Seroprevalence studies targeting the SARS-CoV-2 nu-
cleocapsid antibody can be used to estimate the pro-
portion of persons experiencing natural infection and 
may provide insights to understand population im-
munity status independent of vaccination (2–5).

During June 2020–February 2022, four large-scale 
serologic surveys were conducted in 5 prefectures of 
Japan (Miyagi, Tokyo, Aichi, Osaka, and Fukuoka) 
(6,7); a comprehensive survey covering all 47 pre-
fectures has not yet been conducted. Seroprevalence 
during SARS-CoV-2 Omicron variant predominance 
in February 2022 was 3.5% for the 5 prefectures (6). 
However, after the seventh epidemic wave started in 
July 2022, we analyzed residual blood donation sam-
ples to determine infection-induced seroprevalence 
levels in all 47 prefectures of Japan to monitor trends 

in community transmission across the nation (Figure 
1, panel A). This study was performed as an active ep-
idemiologic investigation in accordance with the Act 
on the Prevention of Infectious Diseases and Medical 
Care for Patients with Infectious Diseases (Infectious 
Disease Control Law of Japan; Act No. 114 of 1998) 
and did not require formal ethics review or partici-
pant consent. 

The Study
Participants were blood donors to the Japanese Red 
Cross Society during November 6–13, 2022 (Figure 
1, panel A). To be included, participants had to be 
16–69 years of age at the time of donation and have 
provided whole blood or blood components. Persons 
were not permitted to donate blood if they had been 
diagnosed with or tested positive for COVID-19 and 
were <4 weeks after symptom resolution or, for as-
ymptomatic persons, sample collection; if they had 
acute COVID-19–related signs or symptoms (e.g., 
fever, cough, breathing difficulty) or experienced al-
tered senses of taste or smell during the period be-
tween 2 weeks after symptom onset and 3 days after 
resolution; or if they were close contacts of confirmed 
COVID-19 case-patients and <2 weeks after most re-
cent contact. 

We calculated the necessary number of samples 
on the basis of prefecture-level population sizes in 
October 2021 and expected COVID-19 prevalence 
from the cumulative number of cases as of Septem-
ber 1, 2022. We also extracted data on age and sex. 
We tested serum from randomly selected blood sam-
ples collected from eligible blood donors using Elec-
sys Anti-SARS-CoV-2 (Roche Diagnostics, https://
www.roche.com), using the manufacturer-recom-
mended seropositivity cutoff index of ≥1.0. We based  
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A nationwide survey of SARS-CoV-2 antinucleocap-
sid seroprevalence among blood donors in Japan re-
vealed that, as of November 2022, infection-induced 
seroprevalence of the population was 28.6% (95% CI 
27.6%–29.6%). Seroprevalence studies might comple-
ment routine surveillance and ongoing monitoring ef-
forts to provide a more complete real-time picture of  
COVID-19 burden. 
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seroprevalence estimates on weighted tabulation (8). 
We stratified seroepidemiologic data by prefecture, 
sex, and age group (16–19, 20–29, 30–39, 40–49, 50–59, 
or 60–69 years of age) to estimate the survey weights 
to adjust for the age and sex distribution of each pre-
fecture. We used estimated population as of October 
1, 2021, as baseline. We calculated 95% CIs by using 
the binomial exact method and set the statistical sig-
nificance level at <0.05 with an acceptable 5% margin 
of error. For comparison, we also extracted the cumu-
lative number of reported COVID-19 cases through 
October 30, 2022, from the Ministry of Health, Labour 
and Welfare (1). We extracted vaccination coverage 
records as of October 30, 2022, from the Digital Agen-
cy Vaccination Record System (9). 

We tested 8,260 specimens from the November 
6–13, 2022, study period. Infection-induced serop-
revalence in the total population of Japan was 28.6% 
(95% CI 27.6%–29.6%). We stratified seroprevalence 
by age and sex (Figure 1, panel B). Median age of 
blood donors was 47 years (interquartile range 35–
55 years). Among both sexes, prevalence peaked in 
the 20–29-year age group, in which 41.1% (95% CI 
37.9%–44.4%) of men and 38.9% (95% CI 34.0%–
43.9%) of women were seropositive. Prevalence de-
creased with age and was lowest among the 60–69-
year age group: 16.1% (95% CI 13.9%–18.4%) of men 
and 19.0% (95% CI 15.6%–22.9%) of women were se-
ropositive. The populations of Tokyo (34.5%, 95% CI 
28.7%–40.7%), Osaka (43.0%, 95% CI 36.9%–49.3%), 
and Okinawa (45.1%, 95% CI 39.7%–50.6%) prefec-
tures had higher seroprevalence than we found over-
all (Figure 2, panel A) (10). 

Except in Okinawa, population density and  
COVID-19 prevalence appeared to have an exponen-
tial relationship (Figure 2, panel B), similar to an ob-
served trend in the United States (11). Percentages of 
reported cases among total population were higher 
than percentages of seroprevalent nucleocapsid anti-
bodies in several low–population density prefectures: 
13.0% versus 9.2% in Nagano, 16.6% versus 14.9% in 
Gifu, 17.6% versus 17.0% in Hiroshima, and 14.3% 
versus 13.2% in Tokushima (Figure 2, panels C, D). 
In most prefectures, however, percentage prevalence 
of nucleocapsid antibodies was higher than percent-
age of reported cases among the population, although 
95% CIs overlapped. 

Conclusions
Using specimens from blood donations accepted in 
November 2022, we revealed the prevalence of nu-
cleocapsid antibodies to SARS-CoV-2 in Japan, al-
though we observed differences in prevalence among 
prefectures. For comparison over time, a previous 
population-based serial cross-sectional seroepidemi-
ologic survey showed that prevalences were 3.1% in 
Tokyo, 4.1% in Osaka, and 1.9% in Fukuoka in De-
cember 2021 and 6.4% in Tokyo, 6.1% in Osaka, and 
3.3% in Fukuoka in February 2022 (6). 

Even after the country was largely affected by 
Omicron-variant disease, estimated seroprevalence 
was remarkably lower in Japan (28.6%) than what has 
been reported in the United Kingdom using blood 
donor samples taken during October 26–Decem-
ber 16, 2022; antinucleocapsid seroprevalence in the 
United Kingdom was 82.5% (12). Seroprevalence in 
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Figure 1. Reported COVID-19 cases among the general population and seroprevalence of SARS-CoV-2 among blood donors, Japan. 
A) Number of reported COVID-19 cases by date of report, 2020–2022. Orange line indicates cumulative number of reported cases per 
1 million persons. Green shading indicates survey period. B) Weighted seroprevalence stratified of SARS-CoV-2 among blood donors 
from November 6–13, 2022, by age group and sex. Error bars represent 95% CIs.
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Japan in November 2022 was comparable to the esti-
mated seroprevalence of 28.8% among blood donors 
in the United States as of December 2021 (13). Lower 
seroprevalence in Japan might reflect high vaccina-
tion coverage or adherence to public health and so-
cial measures. Both the United States and the United 
Kingdom observed similar decreasing prevalence 
among older age groups (12–14). Case ascertain-
ment rate was higher in Japan than the United States, 
where reported infection-induced seroprevalence 
was 2.2–3.1 times higher than the cumulative number 
of reported cases (14). 

Among limitations in this study, the first is that 
we adjusted demographic differences among prefec-
tures by survey weights, but selection bias caused 
by the characteristics of blood donors remains. Sec-
ond, eligible age in Japan for blood donation is 16–69 
years of age; therefore, we could not use these data 
to evaluate children <16 or elderly persons >69 years 
of age. Third, samples were all collected within a sin-
gle 1-week timeframe, which hindered exploration 

of temporal trends. Finally, ratio of estimated to re-
ported infections does not consider the sensitivity or 
decay of nucleocapsid antibodies, which could poten-
tially reduce detection of previously infected persons, 
depending on time since infection, age, sex, and vac-
cination status (15). 

Despite those limitations, we comprehensively 
evaluated the proportion of infected persons in the 
overall population of Japan. Although reporting all 
COVID-19 cases has become increasingly challeng-
ing in most countries, seroprevalence studies could 
potentially complement routine surveillance and con-
tinued monitoring over time to provide a more com-
plete real-time picture of COVID-19 burden.  
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Figure 2. Analyses of weighted 
seroprevalence of SARS-CoV-2 
among blood donors from 
November 6–13, 2022, compared 
with reported cases among 
the general population, Japan. 
A) Weighted seroprevalence 
by prefecture. B) Relationship 
between population density 
(persons/km2) and weighted 
seroprevalence by prefecture. 
Circle sizes indicate percentage 
of infected persons based on 
cumulative number of reported 
cases; colors indicate vaccination 
coverage for >3 doses of 
COVID-19 vaccine. C) Ratio of 
weighted seroprevalence to the 
percentage of cumulative number 
of reported cases (estimated to 
reported infections) by prefecture. 
D) Relationship between 
weighted seroprevalence and 
percentage of cumulative number 
of reported cases by prefecture. 
Circle sizes represent absolute 
value of cumulative number of 
reported cases.
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During the 2022 global mpox outbreak, asymp-
tomatic monkeypox virus (MPXV) infections 

or unrecognized mpox cases were reported among 
men who have sex with men (MSM) (1–4). Asymp-
tomatic cases were diagnosed by using PCR on ano-
rectal, pharyngeal, urine, and pooled samples, but 
the prevalence of asymptomatic infections varied by 
country. A recent meta-analysis reported the preva-
lence of asymptomatic MPXV infections worldwide 
(5), but limited cohort sizes have hindered precise 
estimations. Understanding the extent to which as-
ymptomatic infections contribute to MPXV trans-
mission is crucial for an effective public health re-
sponse (6,7). In addition, further clarification on the 
how prevalence of asymptomatic infections affect 
mpox epidemics is needed. 

By December 2022, only 8 mpox cases had been 
confirmed in Japan, and 5 of those cases were reported 
in Tokyo. However, since the beginning of 2023, the 
number of new mpox cases has steadily increased in 
Japan. Despite the rise in cases, vaccination for mpox 
remains unavailable in Japan, even for high-risk  

populations, such as MSM and persons with HIV. We 
assessed asymptomatic MPXV infections among MSM 
cohorts with and without HIV infection in Tokyo.

The Study
We assessed mpox prevalence among MSM across 
3 sites in Tokyo during January 5–March 20, 2023. 
We enrolled MSM >18 years of age who had sexual 
intercourse within the previous 3 months and who 
provided written informed consent. We excluded 
persons from the study if they reported symptoms 
of suspected mpox at enrollment. Specifically, we 
excluded persons who had typical mpox symptoms, 
which include suspected skin lesions and any of the 
following: fever, lymphadenopathy, or pain in mu-
cous membranes. We categorized atypical symptoms 
as having 1 typical mpox symptom, such as fever or 
pain, or other atypical symptoms.

Patients self-collected clinical samples for 
MPXV testing, including anorectal swab samples or 
pooled samples consisting of anorectal swabs, initial 
stream urine, and gargle rinse, by using a previous-
ly reported method (8). Persons who tested positive 
for MPXV were closely monitored through weekly 
health checks conducted via telephone and asked 
about their general condition, including whether 
they had any atypical symptoms. 

We defined asymptomatic infections as mpox 
cases without any symptoms, including atypical 
symptoms, during the study period. We classified 
symptomatic infections as mpox cases in which any 
symptoms developed, including atypical symptoms, 
<3 weeks before mpox testing or during the study pe-
riod. Also, to increase awareness of mpox, we provid-
ed all study participants with general information on 
the disease, including its mode of transmission and 
typical symptoms. 
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We prospectively assessed asymptomatic monkeypox 
virus infections among men who have sex with men in 
Tokyo, Japan, during the initial phase of the mpox epi-
demic. Our findings suggest that asymptomatic infec-
tions were likely underestimated and were comparable 
in magnitude to symptomatic infections, highlighting the 
need to improve testing accessibility among high-risk 
populations. 
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We used the QIAamp DNA Mini Kit (QIAGEN, 
https://www.qiagen.com) to extract viral DNA from 
patient specimens and QuantStudio 12K Flex and 
QuantiTect Probe PCR Kit (Thermo Fisher Scientific, 
https://www.thermofisher.com) to subsequently 
detect viral DNA. To measure the copy numbers 
for genomic DNA of MPXV and of varicella zoster 
virus, which is used as a differential diagnosis, we 
performed a specific multiplex quantitative PCR, as 
previously reported (9). This study was approved by 
the Human Research Ethics Committee of National 
Center for Global Health and Medicine (approval no. 
NCGM-S-004600-00).

We recruited a total of 1,348 eligible MSM for this 
study (Figure 1; Appendix Table, https://wwwnc.
cdc.gov/EID/article/29/9/23-0541-App1.pdf). Two 
persons were excluded because of suspected symp-
toms associated with mpox, which were subsequent-
ly confirmed outside of this study to be MPXV infec-
tion by PCR testing of skin lesions. The remaining 
1,346 participants had a median age of 38 (IQR 31–47) 
years and underwent PCR testing for MPXV. Among  

participants, 5 (0.37%; 95% CI 0.12–0.86) tested posi-
tive. One positive result was obtained from an ano-
rectal swab, and the remaining 4 were from pooled 
samples (Table; Appendix Figure 1). Of the 5 posi-
tive cases, cycle threshold values were 20.8–31.0. The 
time interval between last sexual activity and mpox 
diagnosis was 8–48 days. Three of the positive cases 
remained asymptomatic after 1 month and were clas-
sified as asymptomatic infections. However, 1 par-
ticipant, upon receiving the positive result, disclosed 
recovering from fever and pharyngitis without expe-
riencing typical skin manifestations of mpox 1 week 
before the study quantitative PCR test, and another 
participant reported having only skin lesions 3 days 
after the screening test. Consequently, we classified 
those 2 cases as symptomatic MPXV infections. 

Of the 1,341 MSM who tested negative by PCR, 
4 participants had symptoms of suspected mpox de-
velop after the study test and were later confirmed 
MPXV-positive by PCR testing of skin lesions. The 
time from the negative PCR test to symptom onset 
was 13–53 days, and the time from symptom onset to 
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Figure 1. Flowchart of participant selection in a study of prevalence of asymptomatic mpox among men who have sex with men, Japan, 
January–March 2023. Of 1,348 eligible participants, 2 were excluded because of suggestive mpox symptoms. Of the remaining 1,346, 
a total of 5 tested positive for mpox via reverse transcription PCR; 4 of those who initially tested negative later had mpox symptoms 
develop. Ultimately, 6 cases were categorized as symptomatic monkeypox virus infections and 3 as asymptomatic. A total of 1,337 
participants tested negative and did not exhibit any symptoms during the study period.
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diagnosis was 4–9 days (Figure 2). Of all mpox cases, 
4 were MSM with HIV infection; 1 was asymptomatic 
and 3 were symptomatic. Those 4 case-patients were 
receiving antiretroviral therapy, had a CD4 count 
>500 cells/mL, and had an undetectable HIV viral 
load. During the study period, a total of 44 cases were 
identified in Tokyo (Appendix Figure 2).

Conclusions
We conducted a large-scale study on mpox prevalence 
in Japan and found that prevalence of unrecognized 
or asymptomatic mpox might be underestimated. 
By applying a rigorous definition of asymptomatic 
MPXV infection, we identified a similar number of 
asymptomatic mpox cases compared with symptom-
atic cases among MSM cohorts in Tokyo, regardless 
of whether participants had typical or atypical mpox 
symptoms. These findings provide valuable insights 
into the intricacies of asymptomatic mpox cases and 
underscore the pressing need to enhance the avail-
ability of mpox testing for high-risk populations ex-
periencing atypical symptoms. In addition, our pro-
spective approach combined with the large cohort 
and timely surveillance conducted at the onset of 
the mpox epidemic in Japan (10) enabled us to deter-
mine a relatively precise prevalence of asymptomatic 
MPXV infection.

Although the specific infectivity of asymptom-
atic cases has not yet been determined, the potential 
prevalence of undetected asymptomatic mpox cases 
could contribute to the current global pandemic (11), 
which might be supported by our cycle threshold 
value data that was <30 in asymptomatic cases. To 
gain a comprehensive understanding of the infec-
tivity of asymptomatic mpox cases, including the 
duration of viral shedding, further investigation is 
required. In addition, the lack of awareness of mpox 
could be affecting the prevalence of undetected cas-
es; most participants in our study were not aware 
of mpox. Therefore, enhanced awareness, including 
knowledge of atypical symptoms, and research on 
infectivity are critically needed to mitigate the po-
tential spread of MPXV. 

This study had some limitations. First, ≈70% 
of the subjects were tested by using only anorectal 
samples and cross-sectional tests at 3-month inter-
vals, which might have underestimated of asymp-
tomatic mpox prevalence. Second, the infectivity 
and duration of viral shedding were not evaluated 
in asymptomatic cases, thereby limiting our under-
standing of the role of asymptomatic persons in 
MPXV transmission. Finally, the study did not use 
MPXV antibody testing because of the low specific-
ity of currently available modalities (12,13); thus, 
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Table. Characteristics among cases in a study of prevalence of asymptomatic mpox among men who have sex with men, Japan, 
January–March 2023* 

 
Case 
no. 

 
Classification 

 
HIV 

status 

 
Sample 

type 

 
Ct 

value 

Timeframe, d 

 
Symptoms 

Sexual 
activity to 
diagnosis 

Sexual 
activity to 
symptom 

onset 

Negative 
test to 

symptom 
onset 

Symptom 
onset to 

diagnosis 

Negative 
test to 

diagnosis 
1 Asymptomatic On 

PrEP 
Anorectal 

swab 
21.2 10 NA NA NA NA NA 

2 Asymptomatic HIV Pooled† 20.8 29 NA NA NA NA NA 
3 Asymptomatic On 

PrEP 
Pooled† 28.4 ND NA NA NA NA NA 

4 Symptomatic‡ HIV Pooled† 28.8 8 11 NA NA NA Skin lesions 
5 Symptomatic§ On 

PrEP 
Pooled† 31.0 48 8 NA NA NA Fever and 

pharyngitis 
6 Symptomatic¶ HIV Skin 

lesion 
swab 

ND 22 15 32 7 39 Skin lesions 

7 Symptomatic¶ On 
PrEP 

Skin 
lesion 
swab 

ND 23 18 48 5 53 Skin lesions, fever, 
lymphadenopathy, 

and pharyngitis 
8 Symptomatic¶ On 

PrEP 
Skin 

lesion 
swab 

ND 18 9 13 9 22 Skin lesions, fever, 
lymphadenopathy, 

and pharyngitis 
9 Symptomatic¶  HIV Skin 

lesion 
swab 

ND 8 4 53 4 57 Skin lesions and 
lymphadenopathy 

*Ct, cycle threshold; NA, not applicable; ND, no data; PrEP, preexposure prophylaxis.  
†Samples consisted of anorectal swabs, initial stream urine, and gargle rinse. 
‡Initially asymptomatic but had symptoms develop during study. 
§Initially asymptomatic, but patient later reported previous self-resolving symptoms. 
¶Initially tested negative but had symptoms develop during study. 
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we might have missed additional asymptomatic 
mpox cases.

In conclusion, our study offers valuable insights 
into the relative magnitude between asymptomatic 
and symptomatic MPXV infection among MSM co-
horts during the early stages of the mpox epidemic in 
Japan. Further research is needed to comprehend the 
epidemiology and clinical significance of asymptom-
atic mpox, including examination of the infectivity 
and the duration of viral shedding in asymptomatic 
cases. Nonetheless, our study highlights the urgent 
need for mpox awareness, testing, and vaccination 
among high-risk groups, including MSM and HIV-
positive persons, in Japan.
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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.



Few last-line antimicrobial agents effectively 
treat infections caused by New Delhi metallo-

β-lactamase (NDM)–producing Enterobacterales 
(1). Cefiderocol is a novel synthetic conjugate sid-
erophore cephalosporin that is more stable against 
β-lactamase hydrolysis than classical cephalosporins 
(2). However, several acquired cefiderocol-resistance 
mechanisms have been described in Enterobacterales, 
including increased blaNDM copy numbers (3), specific 
blaKPC variants (4), structural change in AmpC (5), 
and mutations or inactivation of siderophore recep-
tors (6). Specific polymorphisms in penicillin-binding 
protein 3 (PBP3), the target of cefiderocol, also have 
been reported in Acinetobacter and Escherichia coli  

(7–9). However, prevalence of those polymorphisms 
and effects of cumulative resistance mechanisms have 
not been fully evaluated.

Since 2012, the French National Reference Cen-
ter (F-NRC) for Antimicrobial Resistance has con-
ducted active nationwide surveillance of carbapen-
emase-producing Enterobacterales (CPE). In 2022, 
the percentage of E. coli sequence type (ST) 361 
isolates sent to F-NRC doubled to 1.2% from 0.6% 
of CPE in 2021. We characterized emerging E. coli 
ST361 in France and investigated cefiderocol resis-
tance among CPE.

The Study
Since 2014, prevalence of NDM-producing Entero-
bacterales has been increasing in France (Figure 1, 
panel A). Among NDM producers, we observed a 
polyclonal dissemination of E. coli isolates, but 50% 
of isolates were from 4 main clones (ST410, ST167, 
ST361, and ST405), as reported in other countries in 
Europe (Appendix 1 Figure 1, https://wwwnc.cdc.
gov/EID/article/29/9/23-0390-App1.pdf) (10). E. 
coli ST410, ST167, and ST405 have been characterized 
at the genomic level (3,8,11), but ST361 characteristics 
remain unclear.

During July 1, 2021–June 30, 2022, we investigat-
ed all (n = 856) nonduplicate carbapenem-nonsuscep-
tible E. coli isolates sent to F-NRC. We used Sensititer 
broth microdilution (ThermoFisher, https://www.
thermofisher.com), as previously described (12), to 
measure MICs of aztreonam, ceftazidime-avibac-
tam, imipenem, meropenem, and cefiderocol (Figure 
2). Of note, the Mueller–Hinton broths used were  
from batches not affected by the manufacturer’s with-
drawal relayed by European Committee on Antimicro-
bial Susceptibility Testing (https://www.eucast.org/ 
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Cefiderocol resistance is increasingly reported in New 
Delhi metallo-β-lactamase–producing Enterobacterales. 
Genomic and phenotypic analysis of Escherichia coli 
sequence type 361, a primary clone causing carbapen-
emase spread in France, revealed mutations leading to 
cefiderocol resistance. Continued genomic surveillance 
of carbapenem-resistant Enterobacterales could clarify 
prevalence of cefiderocol-resistant E. coli in Europe.
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ast-of-bacteria/warnings). Among tested isolates, 774 
were CPE, including 243 NDM producers. The MIC50 
(MIC to inhibit growth of 50% of isolates) of cefidero-
col was higher (2 mg/L) for NDM producers among 
isolates tested compared with other carbapenem- 

resistant E. coli (0.12 mg/L) (Figure 1, panel B), as pre-
viously reported (12).

To genomically characterize E. coli ST361, we 
added all (n = 51) ST361 isolates sent to F-NRC dur-
ing 2015–2021 to the 29 isolates collected during the 
study period. We conducted short-read sequencing 
on those 80 isolates by using the NextSeq500 system 
(Illumina, https://www.illumina.com). We assem-
bled sequences by using Shovill 1.1.0 (https://github.
com/tseemann/shovill) and SPAdes 3.14.0 (https://
github.com/ablab/spades) under GenBank BioPro-
ject no. PRJNA925451 (Appendix 2 Table 1). We used 
Resfinder 4.1 (13) to analyze resistome content and 
PlasmidFinder 2.1 (14) to analyze replicon content 
(Appendix 2 Table 2).

Among 80 E. coli ST361 isolates, 50 produced 
NDM carbapenemase, 49 of which were NDM-5; 
another 20 produced oxacillinase 48–like carbapen-
emase; 6 coproduced NDM-5 with another carbapen-
emase; and 4 did not produce carbapenemase (Fig-
ure 2). Analysis of cefiderocol MIC distribution for 
ST361 showed that isolates with MICs >2 produced 
NDM, but that analysis also suggested that mecha-
nisms besides NDM are involved in cefiderocol re-
sistance (Figure 1, panel C). Thus, we analyzed the 
blaNDM gene copy number on CLC Genomics Work-
bench 21.0 (QIAGEN, https://www.qiagen.com), 
where we mapped the raw data (fastq reads) on 
the genome (fasta) of each corresponding E. coli se-
quence. Then we normalized the average coverage 
of blaNDM mapping reads to the average coverage of 
10 different chromosomal genes used as references. 
However, correlation analysis did not reveal an as-
sociation between blaNDM gene number and the ce-
fiderocol MIC (data not shown). Then we used E. coli 
K-12 MG1655 (GenBank accession no. NC_000913) 
as a reference to investigate cirA, fiu, fepA, fepB, fecA, 
fhuA, tonB, pcnB, exbB, exbD, baeS/baeR, and ompR/
envZ gene mutations involved in siderophore-iron 
uptake. To eliminate polymorphisms linked to the ST 
itself, we only considered amino acid substitutions 
not shared by all ST361 isolates. A total of 14 (18%) 
isolates displayed a mutation in 1 of those genes (Ap-
pendix 2 Table 1, https://wwwnc.cdc.gov/EID/
article/29/9/23-0390-App2.xlsx). Overall, analysis 
of variance multiple parameter correlation analysis 
in RStudio 2022.07.1 (The R Foundation for Statisti-
cal Computing, https://www.r-project.org) revealed 
that blaNDM (p = 0.0035) or chromosomal mutations (p 
= 0.0033) within a siderophore receptor were associ-
ated with higher cefiderocol MICs.

We also analyzed the preferential cefiderocol 
target, PBP3. That analysis revealed that compared 
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Figure 1. Evolution of NDM-producing and non–NDM-producing 
CPE observed in a population analysis of Escherichia coli ST361 
and reduced cefiderocol susceptibility, France. A) Evolution 
of non-CPE CRE, non-NDM CRE, and non–NDM-producing 
Enterobacterales sent to the French National Reference Center 
for Antimicrobial Resistance during 2014–2022. B) Distribution of 
cefiderocol MICs in all (n = 856) CRE isolates collected during the 
study, July 1, 2021–June 30, 2022. C) Distribution of cefiderocol 
MICs in all (n = 80) E. coli ST361 isolates from the French 
National Reference Center for Antimicrobial Resistance collection, 
2015–2022. CPE, carbapenemase-producing Enterobacterales; 
CRE, carbapenem-resistant Enterobacterales; NDM, New 
Delhi metallo-β-lactamase; non-CPE, non–carbapenemase 
producing; non-NDM CPE, non–NDM carbapenemase-producing 
Enterobacterales; ST, sequence type.
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with the reference, 76 isolates shared a common al-
lele that had a 4 amino acid insertion (YRIN motif) at 
position 333 and 3 substitutions (Q227H, E349K, and 
I532L). Two isolates had a different allele with a YRIK 
insertion and an A412V substitution, and 2 isolates 
had no insertions or mutations. Of note, the 3 differ-
ent alleles were associated with 3 different nodes on 
the phylogenetic tree, indicating an evolution process 
that probably involved chromosomal recombination 
(Figure 2), as described for ST410 (11). The YRIN(K) 
motif insertion has been described to be involved in 
cephalosporin and aztreonam resistance (8,9,11). To 
study the effect of the YRIN(K) motif insertion on 

cefiderocol resistance, we performed susceptibility 
testing on the reference strain and its isogenic PBP3 
encoding gene mutant with YRIN insertion (11). We 
transformed both strains by plasmid topoisomerase-
based cloning blaNDM-1 to increase the basal range of 
cefiderocol MIC concentrations in the microbroth 
dilution technique. The YRIN insertion resulted in a 
4-fold increase in cefiderocol MIC, from <0.03 mg/L 
to 0.125 mg/L in the YRIN ftsI chromosomal mutant.

We also analyzed all (n = 321) available ST361 
genomes and metadata in EnteroBase (University 
of Warwick, https://warwick.ac.uk/fac/sci/med/
research/biomedical/mi/enterobase) on October 1, 
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Figure 2. Phylogenetic analysis of 80 Escherichia coli ST361 isolates collected during 2015–2022 and used in a population analysis 
of E. coli ST361 and reduced cefiderocol susceptibility, France. Isolates were sent to the French National Reference Center for 
carbapenem-resistant Enterobacterales testing as part of routine surveillance. The phylogenetic tree was built by using SNIppy version 
4.6.0 (https://github.com/tseemann/snippy) on whole-genome sequences. Data were visualized using iTOL 6.5.2 (https://itol.embl.de). 
The most ancient isolate, isolate no. 86J1 collected in 2015 (bold text, lower left of tree), was used as reference genome. A total of 
4,957,882 nt positions were analyzed in the comparison. Colors indicate various outbreaks involving 13 OXA-244 producers (yellow) 
and 7 NDM-5 producers (blue). Two specific features are represented with filled circles: a YRIN(K) insertion in PBP3 (green) and 
chromosomal mutations within genes involved in siderophore-iron uptake (red). Genes investigated were cirA, fiu, fepA, fepB, fecA, 
fhuA, tonB, pcnB, exbB, exbD, baeS/baeR, and ompR/envZ. Scale bar indicates nucleotide substitutions per site. KPC, Klebsiella 
pneumoniae carbapenemase; NDM, New Delhi metallo-β-lactamase; OXA, oxacillinase; PBP3, penicillin-binding protein 3.
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2022 (Appendix 1 Figures 3, 4; Appendix 2 Table 3). 
The 401-isolate phylogenetic tree showed that isolates 
from F-NRC were distributed within several main 
branches (Appendix 1 Figure 3), confirming our col-
lection’s diversity. Of note, the YRIN(K) insertion oc-
curred in only 36% of the EnteroBase genomes but oc-
curred in 97% of NDM producers; however, only 7% 
of non–NDM producers had the modified alleles. The 
phylogenetic tree enabled visualization of this strong 
association between occurrence of NDM and PBP3 al-
leles possessing the YRIN(K) insertion. Furthermore, 
specifying isolate locations revealed international 
ST361 circulation.

We also examined genomes sequenced at F-NRC 
during 2015–2022 that are from 3 other predominant 
STs disseminating NDM-5 in France. Among those 
genomes, we noted a high prevalence of YRIN(K) in-
sertion in PBP3, namely in 98% of ST410 (n = 273), 
92% of ST167 (n = 184), and 86% of ST405 (n = 122), 
regardless of β-lactamase content (Appendix 1 Figure 
5, panel A). YRIN(K) insertion prevalence was only 
4% in E. coli ST131 (n = 166), another high-risk clone 
associated with multiple β-lactamases (15). Distribu-
tion analysis of cefiderocol MICs in ST410, ST167, and 
ST405, excluding NDM-producing isolates, revealed 
a MIC50 of 1 mg/L, confirming the role of the genetic 
background in reduced cefiderocol susceptibility 
(Appendix 1 Figure 5, panel B).

Conclusions
Our results highlight the emergence of NDM-produc-
ing E. coli ST361 associated with reduced cefiderocol 
susceptibility in France. Emergence resulted from a 
combination of factors: modified PBP3, a strong as-
sociation with NDM-5 carbapenemase, and frequent 
chromosomal mutations in genes involved in sider-
ophore-iron uptake. No feature alone is sufficient to 
confer cefiderocol resistance, according to published 
clinical breakpoints (https://www.eucast.org/clini-
cal_breakpoints), but the combined mechanisms ap-
pear to confer resistance. 

In conclusion, our study revealed that E. coli ST361 
is becoming a key player in NDM-5 carbapenemase 
dissemination, and its genetic background confers re-
duced cefiderocol susceptibility. E. coli ST361 has only 
been sporadically reported, but its prevalence might 
be underestimated. To further assess prevalence and 
spread of cefiderocol-resistant E. coli in Europe, each 
country should continue nationwide genomic sur-
veillance of carbapenemase-resistant bacteria.
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Chagas disease, caused by Trypanosoma cruzi para-
sites, often progresses to a chronic phase that 

includes cardiovascular, gastrointestinal, and neu-
rologic sequelae (1). However, acute forms account 
for ≈1% of reported cases and can have severe clini-
cal manifestations, especially when orally acquired 
because of the particularly high parasitic load from 
this transmission route (1). Some populations can be 
at high risk for infection, including military personnel 
who are in endemic areas patrolling in rural or jungle 
environments where the parasite has been document-
ed in multiple reservoirs (2,3). Although vectorborne 
transmission is most common, oral transmission has 
been associated with outbreaks of acute Chagas dis-
ease in Latin America and has case fatality rates of 
8%–35% (1).

In South America, acute Chagas disease outbreaks 
through oral transmission have been related to food 
contaminated with triatomine feces or secretions from 
infected mammals (1). Colombia has reported increas-
es in acute Chagas disease due to oral transmission  

since 1992 (4). Up to 35% of acute Chagas disease cas-
es have complications, the most frequent of which are 
pericardial effusion, myocarditis, and heart failure 
(1,5). In rare cases, hemophagocytic lymphohistiocy-
tosis can develop, as reported in the case of a soldier 
from Colombia (6).

We report a case series of acute Chagas disease 
among military personnel from a base in northeast-
ern Colombia, where the potential risk of enzootic T. 
cruzi transmission was previously reported (2). We 
describe the clinical features observed in the hospital 
care of infected patients.

The Study
During the third and fourth week of November 2021, 
a group of 11 military personnel from a base in the 
municipality of La Jagua de Ibirico, Department of 
Cesar, Colombia, participated jungle patrols near 
the base. Within a few days, 9 personnel exhibited 
signs and symptoms compatible with acute febrile 
syndrome; 2 persons had severe symptoms and died, 
and the remaining 7 were transferred to the Hospital 
Militar Central, a reference military hospital in Bogo-
ta, Colombia. Hospitalization dates for the 7 admit-
ted patients ranged from December 19, 2021, through 
February 4, 2022 (Figure 1).

The 7 patients had no relevant medical history; 
6 (86%) required immediate transfer to the intensive 
care unit for monitoring. All patients had fever; other 
signs and symptoms included chest pain, dyspnea, 
abdominal pain, vomiting, and diarrhea (Table). 
Four (57%) patients required pericardiocentesis for 
moderate pericardial effusion. None required venti-
latory support or vasopressors. We collected clinical 
and laboratory data through interviews and review 
of electronic medical records. None of the patients 
reported seeing triatomines or opossums within the 
military base facilities where they were located.
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We report an acute Chagas disease outbreak among 
soldiers in Colombia. Trypanosoma cruzi infection was 
confirmed through parasitology, serology, and molecu-
lar methods. Among 9 affected soldiers, 2 died; 7 were 
hospitalized and received benznidazole treatment, 
which produced favorable outcomes. Personnel patrol-
ling rural areas in Colombia could be at increased risk 
for Chagas disease.
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We obtained blood and serum samples from 
the 7 admitted patients. Overall, diagnosis of acute 
Chagas disease was made by ELISA serology, Strout 
concentration method, and molecular tests. In blood 
samples, we used quantitative PCR to target T. cruzi 
satellite DNA and conventional PCR to target the 
mini-exon gene. Direct examination of pericardial 
fluid subsequently revealed parasites (Figure 2). 

After Chagas disease was confirmed, we started 
all 7 patients on benznidazole treatment (5–7 mg/
kg/d for 60 days), and all had favorable outcomes. 
Informed consent was obtained from the included pa-
tients. The study was approved by the ethics commit-
tee of the Hospital Militar Central.

Conclusions
We describe a group of young soldiers without 

underlying conditions in whom febrile illness pro-
gressed toward deterioration in an average of 24 
days. Their disease courses correlate with descrip-
tions in the medical literature of the progression of 
oral acute Chagas disease, which can occur in a range 
of 3–22 days after infection, depending on the degree 
of infecting inoculum (5,7,8).

The frequencies of clinical manifestations in the 
patients in this study are among the highest described 
in other reports of acute Chagas disease outbreaks 
(5,7,8). Our patients had fever (100%), abdominal 
pain (57.1%), diarrhea (71.4%), vomiting (57.1%), 
chest pain (71.4%), and dyspnea (71.4%) (Table). Peri-
cardial involvement was high (57%) in our patients 
compared with other reports. In a report on a 2007 
outbreak of acute Chagas disease in the Brazilian Am-
azon, up to 46.2% of the 233 cases had pericardial in-
volvement (8). Another report from Colombia in 2021 

analyzed 103 cases of acute Chagas disease that oc-
curred in the department of Casanare and found that 
34.9% of the patients had >1 complication, which con-
sisted of pericardial effusion, myocarditis, or heart 
failure (5). The high proportion of our patients with 
cardiac complications might have been the result of 
a high parasite inoculum, which is more feasible dur-
ing oral transmission.

Another finding of note is the area of origin of 
the cases, because a field epidemiologic study of T. 
cruzi circulation was previously conducted in that 
area and other military facilities in municipalities 
with historical reports of triatomines and Chagas dis-
ease cases (2). In that study, a geospatial analysis was 
conducted to evaluate the coexistence of triatomines 
and infected mammals in a training base located in 
La Loma, in the municipality of Jagua de Ibirico (2), 
the same municipality where the cases we report here 
occurred. However, that study described a low po-
tential risk for T. cruzi transmission and the absence 
of triatomines near the dormitories or kitchens of the 
military facility (2). 

The characteristics of the outbreak we describe, 
its temporality and the clinical severity of the cases, 
strongly suggest transmission via the oral route. All 
affected case-patients were involved in patrol ac-
tivities in a rural area near the military base, which 
could have exposed them to a sylvatic genotype of 
T. cruzi that has been reported in Colombia in asso-
ciation with Chagas disease outbreaks caused by oral 
transmission (4). Although none of the patients treat-
ed at our institution died, 2 patients from the same 
outbreak died at the site of origin. That case-fatality 
rate (22.2%) is consistent with the reported case-fatal-
ity rates in acute Chagas disease, which can average 
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Figure 1. Timeline of acute Chagas disease illness and hospitalizations among military personnel, Colombia, 2021–2022. A group of 
9 military personnel had signs and symptoms compatible with acute febrile syndrome, 2 of whom had severe symptoms and died. The 
remaining 7 patients were admitted to Hospital Militar Central in Bogota, and were treated with benznidazole (5–7 mg/kg/d for 60 days). 
All 7 had favorable outcomes.
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24.4% (9). Outbreaks of orally transmitted Chagas 
disease usually occur during the warmest months of 
the year, which coincides with the reported dates and 
estimated temperatures in the geographic area where 
our patients were during the month of November. 
Those conditions could favor a higher density of tri-
atomines and a greater number of parasites in triato-
mine feces, which would increase the probability of 
food contamination and, therefore, the possibility of 
oral infection (10).

One limitation of this report is the lack of con-
firmation of the source of the outbreak. In previous 
studies in Colombia, evidence of T. cruzi seropositivi-
ty was demonstrated in 1% of the military population 
studied in 5 departments (3), but no similar studies 
have been conducted in the area where the outbreak 
cases in this study originated. Despite the reported 
low vector contact among military personnel, the 
geographic characteristics of the region where this 
outbreak originated are similar to areas with higher 
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Table. Clinical features and laboratory test results of acute Chagas disease among military personnel, Colombia, 2021* 
Characteristics Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 
No. days fever at 
hospital admission 

26 25 25 25 25 25 33 

Symptoms Fever, 
asthenia, 

adynamia, 
diarrhea, 
vomiting, 

chest pain, 
orthopnea 

Fever, 
asthenia, 

adynamia, 
abdominal pain, 

pleuritic pain, 
dyspnea 

Fever, chills, 
vomiting, 

abdominal pain, 
pleuritic pain, 

dyspnea 

Fever, 
headache, 

chills, 
abdominal 

pain, 
diarrhea, 
vomiting, 

pleuritic pain, 
dyspnea 

Fever, 
abdominal 

pain, 
diarrhea, 

vomiting, dry 
cough, 

orthopnea 

Fever, 
asthenia, 
malaise, 
diarrhea, 

pleuritic pain, 
dyspnea 

Fever, 
asthenia, 

adynamia, 
diarrhea 

ICU admission Y Y Y Y Y Y N 
Pericardial 
effusion, mL 

+, 600 +, 450 +, 760 +, 600 +, 200 +, ND No effusion 

Troponin, pg/mL 1,111 225 722 671 997.3 568 4.7 
Echocardiography LVEF 29%, 

generalized 
apical 

hypokinesia, 
LVMI 131 g/m2 

LVEF 54%, 
hypokinesia of 

apical 
predominance, 
LVMI 112 g/m2 

LVEF 38%, 
decreased right 
ventricular filling 
pattern without 

contractility 
disorder, 

LVMI 120 g/m2 

LVEF 28%, 
generalized 
hypokinesia, 

LVMI 150 
g/m2 

LVEF 35%, 
no 

contractility 
disorder, 
LVMI 120 

g/m2 

LVEF 62%, 
no contractility 
disorder, LVMI 

104 g/m2 

LVEF 60%, 
no 

contractility 
disorder, 

LVMI 72 g/m2 

EKG Sinus rhythm, 
generalized 
low voltage, 

and 
anterolateral 
repolarization 

disorder 

Sinus rhythm, 
generalized low 

voltage, and 
anterolateral 
repolarization 

disorder 

Sinus 
tachycardia, 
generalized 

repolarization 
disorder, and low 

voltage 
 

Sinus 
tachycardia, 
generalized 

repolarization 
disorder, and 
low voltage 

 

Sinus 
tachycardia, 
generalized 

repolarization 
disorder, and 
low voltage 

 

Sinus 
tachycardia, 
generalized 

repolarization 
disorder, and 
low voltage 

 

Sinus rhythm 
 

Hemoglobin, g/dL 12 10.1 10.6 13 9.5 12.2 15.6 
Creatinine, mg/dL 0.94 0.75 0.82 0.92 0.88 0.76 1.04 
Thick blood 
smear† 

– – – – – – – 

SARS-CoV-2 
rapid antigen test‡ 

– – – – + – – 

SARS-CoV-2 
qRT-PCR‡ 

– – – – + – – 

ELISA, IgG 
antibodies to 
Trypanosoma 
cruzi 

+ + + + + + – 

Strout test + – + + NP NP – 
qPCR for T. cruzi, 
parasites/mL§ 

+, 0.5 +, 4.55 +, 3.25 +, 5.4 +, 5.8 +, 2.63 +, 0.5 

Direct microscopic 
examination of 
pericardial fluid¶ 

+ + + + NP NP NP 

*EKG, electrocardiography; ICU, intensive care unit; LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index; ND, no data; NP, not 
performed; qRT-PCR, real-time quantitative reverse transcription PCR; qPCR, quantitative PCR; +, positive; –, negative. 
†Presence of trypomastigotes. 
‡Nasal swab. 
§Whole blood for T. cruzi DNA detection. 
¶Detection of trypomastigotes via pericardiocentesis. 
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vector populations, raising the possibility of sylvatic 
zoonotic oral transmission. 

In summary, our study shows that military per-
sonnel could be exposed to T. cruzi through oral 
transmission while patrolling in Chagas disease–
endemic areas. Thus, we advise public health and 
clinical practitioners who care for military person-
nel to be aware of acute Chagas disease as an ad-
ditional parasitic zoonotic infection in cases of un-
differentiated febrile syndrome associated with  
cardiac compromise, especially myocarditis or peri-
cardial effusion.
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Figure 2. Pericardial fluid smear collected for diagnosis of acute 
Chagas disease among military personnel, Colombia, 2021. 
Giemsa-stained pericardial fluid smear of patient 1 shows a 
Trypanosoma cruzi parasite (center). Original magnification ×1,000.



Lymphocytic choriomeningitis virus (LCMV) 
is  globally occurring, Old World arenavirus. 

The common house mouse (Mus musculus) is the 
primary reservoir, although the virus can infect 
many other rodent species, including wild or do-
mesticated rats, gerbils, and hamsters (1). In hu-
mans, LCMV infection is frequently asymptomatic 
but can present as a nonspecific viral illness, some-
times accompanied by headache or photophobia 
(2). Congenital LCMV infection carries a high risk 
for spontaneous abortion or serious neurologic 
deficits in the developing fetus. Children born after 
congenital LCMV infection frequently suffer from 
chorioretinitis, hydrocephalus, and psychomotor 
delay (3). Immunocompromised persons are also 
at greater risk for complications following LCMV 
infection because they can develop life-threatening 
encephalitis, seizures, and paralysis. Other groups 
at heightened risk for infection include transplant 
recipients and persons that work with rodents, 
such as laboratory staff and pet store workers (4,5). 

Because of its a broad geographic distribution and 
potential for severe disease, clarifying the effects of 
LCMV on human health remains an important pub-
lic health challenge.

Because of its nonspecific symptoms, lack of 
physician awareness, suboptimal diagnostic test-
ing, and limited and inconsistent reporting require-
ments, LCMV is an underrecognized public health 
threat. In the United States, Wisconsin is the only 
state that requires hospitals and healthcare provid-
ers to report cases of LCMV (6). Because LCMV is 
not nationally notifiable, the Centers for Disease 
Control and Prevention (CDC) receives case re-
ports on a voluntary basis (7). Although outbreaks 
of LCMV have been identified, sporadic cases are 
likely underreported, and the true burden within 
the United States is unknown.

Laboratory diagnosis of an acute case of LCMV 
is made by detection of viral nucleic acids by us-
ing real-time reverse transcription PCR (qRT-PCR) 
and detection of circulating LCMV IgM or a rising 
titer of LCMV IgG. However, few commercial labo-
ratories offer testing services for LCMV. LCMVs 
causing human infection are genetically diverse, 
a feature that has made the design and implemen-
tation of nucleic acid–based assays challenging 
(8). Taking advantage of improved reagents for 
PCR and an increase in the number of complete 
genomes available for analysis, we developed a 
qRT-PCR assay for LCMV, targeting the large seg-
ment. We describe a case of LCMV infection in a 
patient with well-controlled HIV, diagnosed by us-
ing the qRT-PCR and IgM and IgG enzyme-linked 
immunosorbent assays (ELISA) at CDC. Use of the 
qRT-PCR can accelerate detection of acute LCMV 
infection and therefore has the potential to improve  
patient care.
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Lymphocytic choriomeningitis virus is an underreported 
cause of miscarriage and neurologic disease. Surveil-
lance remains challenging because of nonspecific symp-
tomatology, inconsistent case reporting, and difficulties 
with diagnostic testing. We describe a case of acute 
lymphocytic choriomeningitis virus disease in a person 
living with HIV in Connecticut, USA, identified by using 
quantitative reverse transcription PCR. 



Lymphocytic Choriomeningitis and HIV, Connecticut

The Case
A 53-year-old man residing in Connecticut, USA, 
with a history of well-controlled HIV and receiving 
antiretroviral therapy but with a chronically low CD4 
count (150/µL) and percentage (14%), was admitted 
to the emergency department at Yale New Haven 
Hospital (New Haven, CT, USA) with a 2-day history 
of headache, nausea, and emesis. In the weeks lead-
ing up to admission, he had noted mice in his home. 
Approximately 2 weeks before admission, he cleaned 
mouse feces and urine with a vacuum while wearing 
gloves and a mask. At arrival to the hospital, he was 
febrile to 100.7°F but otherwise hemodynamically sta-
ble. Physical examination showed no neurologic defi-
cits or nuchal rigidity. Laboratory data were notable 
for a hemoglobin of 11.2 g/dL (reference range 13.1–
17.5), leukocyte count of 7,200/µL (reference range 
4,000–10,000/µL), platelet count of 213,000/µL (refer-
ence range 150,000–400,000/µL), aspartate transami-
nase 59 U/L (reference range 10–35 U/L), and alanine 
aminotransferase 96 U/L (reference range 9–59 U/L). 
His HIV viral load was below the limit of detection 
(20 copies/mL) 1 month before admission.

The patient underwent a lumbar puncture after 
receiving empiric antibiotics for meningitis. Analysis 
of the cerebral spinal fluid (CSF) revealed a nucleated 

cell count of 500/µL in tube 1 and 495/µL in tube 4 
(reference range 0–5/µL), which was lymphocyte pre-
dominant (≈85%). CSF protein was 116 mg/dL (refer-
ence range 15–45 mg/dL) and glucose was 66 mg/
dL (reference range 40–70 mg/dL). Culture remained 
sterile and CSF was negative for herpes simplex virus 
by real-time PCR, West Nile virus IgM in CSF, and 
for 14 pathogens included on the BioFire FilmArray 
Meningitis/Encephalitis Panel (BioFire Diagnostics, 
LLC, https://www.biofiredx.com).

Because of concern for aseptic meningitis caused 
by LCMV, we sent CSF and whole blood samples to 
CDC for LCMV testing. LCMV IgM and IgG were 
determined by a CDC-developed ELISA, as previ-
ously described (2). For nucleic acid testing, in brief, 
samples were inactivated by using MagMAX Patho-
gen RNA/DNA Kit (ThermoFisher, https://www.
thermofisher.com) and extracted on the KingFisher 
Duo Prime platform (ThermoFisher). Extracted sam-
ples were tested by using an qRT-PCR targeting the 
large segment of LCMV. RNA from samples positive 
by the LCMV qRT-PCR were selected for sequencing 
and subsequent phylogenetic analysis. RNA library 
sequencing, amplicon-based sequencing, and phyloge-
netic analysis were performed on the LCMV genome 
obtained from the CSF sample, as were additional  
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Figure 1. Maximum-likelihood analysis of the full large genome segment of lymphocytic choriomeningitis virus (LCMV) sample from 
a patient in Connecticut, USA (bold), compared with reference sequences. Branch nodes provide the bootstrap support values, as a 
percentage. Clades are indicated at right, and GenBank accession numbers are provided for reference sequences. Scale bar indicates 
number of substitutions per site.
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laboratory methods (Appendix, https://wwwnc.cdc.
gov/EID/article/29/9/23-0087-App1.pdf).

Analysis of the CSF showed that LCMV IgM and 
IgG ELISA results were both negative, but qRT-PCR 
results were positive. On blood collected 3 days af-
ter the CSF sample, LCMV IgM and IgG ELISA re-
sults were both positive (titer ≥1:400), and qRT-PCR 
results were negative. Sequence analysis of both the 
small and large segments showed the LCMV strain 
clustered to lineage I (Figures 1, 2). After confirming 
a diagnosis of LCMV meningitis in the patient, we 
discontinued empiric antibiotics and discharged him 
on hospitalization day 10. The patient’s headaches re-
solved approximately 5 days after discharge, and he 
made a complete recovery.

Conclusions
Despite minimal reporting requirements, LCMV is 
believed to be widespread throughout the United 
States and the world. As in the case we report, clini-
cians should maintain a high index of suspicion for 
LCMV infection in patients with identified rodent ex-
posures and symptoms consistent with meningitis,  

especially in high-risk groups such as pregnant 
women and the immunocompromised. LCMV vire-
mia occurs early and is transient but may seed the 
central nervous system. Thus, as occurred for the 
patient in this report, viral RNA may no longer be 
detectable in blood but may be detectable in CSF in 
patients with clinical signs and symptoms of LCMV. 
Consequently, for patients with suspected LCMV 
infection, parallel molecular and serologic testing of 
both blood and CSF is likely beneficial for early di-
agnosis and management.

By sequencing the full genome of an LCMV strain 
isolated from this patient and conducting a phyloge-
netic analysis, we have gained valuable insights into 
the evolutionary relationships and genetic diversity 
of LCMV. The obtained phylogenetic trees provide 
evidence for the relatedness of the patient’s strain to 
other known LCMV strains and contributes to our un-
derstanding of the virus’s epidemiology. The LCMV 
strains we obtained group in clade I, which corre-
sponds to the M. musculus domesticus host subspecies 
(1) and contains viruses from Asia, Europe, America, 
and Africa. The phylogenetic tree also shows that the 
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Figure 2. Maximum-likelihood analysis of the full small genome segment of lymphocytic choriomeningitis virus (LCMV) sample from 
a patient in Connecticut, USA (bold), compared with reference sequences. Branch nodes provide the bootstrap support values, as a 
percentage. Clades are indicated at right, and GenBank accession numbers are provided for reference sequences. Scale bar indicates 
number of substitutions per site.
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strain identified in this patient was genetically dis-
tinct from strains that have been identified from other 
parts of the world.

No-cost molecular and serologic testing for 
LCMV is available to hospitals and health depart-
ments through CDC’s Viral Special Pathogens 
Branch (Division of High-Consequence Pathogens 
and Pathology, National Center for Emerging and 
Zoonotic Infectious Diseases). Increasing both com-
munity and healthcare provider awareness of LCMV 
and public health case reporting could improve sur-
veillance efforts and clarify the true burden, risk 
factors, and distribution of LCMV infection in the 
United States.
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Hepatitis E virus (HEV) is a nonenveloped, single-
stranded, positive-sense RNA virus within the 

family Hepeviridae, subfamily Orthohepevirinae, 
which is divided into 4 genera: Paslahepevirus, Roca-
hepevirus, Chirohepevirus, and Avihepevirus (1). Human 
hepatitis E is primarily caused by Paslahepevirus balay-
ani (genotypes 1–4), and infection generally causes an 
acute, self-limiting disease, but severe and chronic 
hepatitis and extrahepatic manifestations can occur  
in immunocompromised patients (2). Paslahepevirus 
balayani genotypes 1 and 2 are endemic in developing 
countries, circulating in humans and transmitted pri-
marily via the fecal-oral route through contaminated 
drinking water. Sporadic cases of hepatitis E infection 
caused by zoonotic transmission of HEV (Paslahepe-
virus balayani genotypes 3 and 4) are increasingly re-
ported in industrialized countries (3). Infections are 
acquired through direct contact with infected ani-
mals, environmental contamination with animal fe-
ces, and foodborne transmission from eating under-
cooked pork, venison, and wild boar meat (3).

Additional HEV variants have been report-
ed in a diversity of animal species, and zoonotic  

transmission from animal reservoirs is a growing 
public health concern. Norway rats (Rattus norvegi-
cus) have been shown to carry swine HEV (Paslahepe-
virus balayani genotype 3) and are natural reservoirs 
of HEV variants within the species Rocahepevirus 
ratti genotype C1 (rat HEV) (4). Since it was first de-
tected in Germany in 2010, rat HEV has been identi-
fied in Norway rats from the United States, China, 
Vietnam, and 13 countries in Europe (5). Recently, 
cases of acute hepatitis caused by rat HEV have been 
reported in Hong Kong, Canada (infection acquired 
in Central Africa), and Spain (6–8). Those reports 
raise concerns regarding the potential risk for rat 
HEV transmission to humans and hepatitis E as an 
emerging infectious disease worldwide.

The Study
We conducted a study to investigate HEV infection 
in Norway rats from southern Ontario, Canada, and 
identify associations between host factors, season, 
land use, and year of collection. We obtained rat 
carcasses through collaboration with pest control 
professionals working in southern Ontario. Our rat 
and sample collection methods have been previously 
described and evaluated as a source of samples for 
zoonotic pathogen surveillance (9). We studied 372 
Norway rats (species determined by external mor-
phology) from 161 unique geographic coordinates 
within southern Ontario during November 2018–
June 2021 (Figure 1). During necropsy, we recorded 
rat demographic characteristic data (Table) and col-
lected liver samples aseptically. Most rats in our 
sample were sexually mature (65%), and there were 
more females (51.2%) than males (48.8%). We noted 
the body condition of rats to be poor (emaciated or 
underconditioned) in 69.1% and good (well condi-
tioned or overconditioned) in 30.9%. We could not 
determine sex (3%), sexual maturity (3.2%), or body 
condition (2.4%) in a minority of rats because of poor 
carcass condition. We categorized rats by collection 

Rat Hepatitis E Virus in Norway 
Rats, Ontario, Canada, 2018–2021

Sarah J. Robinson, Jamie Borlang, Chelsea G. Himsworth, David L. Pearl,  
J. Scott Weese, Antonia Dibernardo, Carla Osiowy, Neda Nasheri, Claire M. Jardine

1890 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 9, September 2023

DISPATCHES

Author affiliations: University of Guelph, Guelph, Ontario, Canada 
(S.J. Robinson, D.L. Pearl, J.S. Weese, C.M. Jardine); Public 
Health Agency of Canada, Winnipeg, Manitoba, Canada  
(J. Borlang, A. Dibernardo, C. Osiowy); University of British  
Columbia, Vancouver, British Columbia, Canada (C.G. Himsworth); 
Health Canada, Ottawa, Ontario, Canada (N. Nasheri); University 
of Ottawa, Ottawa (N. Nasheri); Canadian Wildlife Health  
Cooperative, Guelph (C.M. Jardine)

DOI: http://doi.org/10.3201/eid2909.230517

We tested liver samples from 372 Norway rats (Rat-
tus norvegicus) from southern Ontario, Canada, during 
2018–2021 to investigate presence of hepatitis E virus 
infection. Overall, 21 (5.6%) rats tested positive for the vi-
rus. Sequence analysis demonstrated all infections to be 
rat hepatitis E virus (Rocahepevirus ratti genotype C1).



 Rat Hepatitis E Virus in Norway Rats, Canada

location as residential (52.4%), industrial (17.5%), 
institutional (15.6%), commercial (8.9%), and mixed 
(5.6%) land use. We collected most rats during the 
winter (36.8%) and fall (36.8%), followed by spring 
(21.8%) and summer (4.6%). To account for low sam-
ple size in the summer, we recategorized seasonal 
data as summer/fall (June–November) and winter/
spring (December–May).

We screened liver RNA extracts for the presence of 
HEV by real-time PCR by using previously described 

primers and probes (10). Of 372 rats tested, 21 (5.6%, 
95% CI 3.5%–8.5%) rats from 16 distinct locations in 
7 cities/towns were positive for HEV (Figure 1). The 
odds of HEV infection were significantly higher in sex-
ually mature rats (odds ratio 3.99, 95% CI 1.14–21.47; p 
= 0.025). By using exact logistic regression models, we 
observed no association with sex, body condition, land 
use, season, or year of collection (Table).

We amplified positive samples by using a pre-
viously described heminested PCR to generate an 
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Figure 1. Sites of collection 
and HEV PCR status of rats 
submitted by pest control 
professionals in southern 
Ontario, Canada, during 
November 2018–June 2021. 
Geographic administrative 
boundaries of the cities of 
Windsor, Hamilton, and Toronto 
are displayed. Inset map 
indicates the location of southern 
Ontario within Canada. HEV, 
hepatitis E virus.

 
Table. Descriptive statistics for rat demographic variables, land use, season, and year of collection and results from exact logistic 
regression analyses evaluating associations with hepatitis E virus PCR status among 372 Norway rats (collected in southern Ontario, 
Canada, during November 2018–June 2021 
Category, no. with data available No. (%) PCR-positive (%) PCR-negative (%) Odds ratio (95% CI) p value 
Sex, n = 361      
 F 185 (51.2) 9 (4.9) 176 (95.1) Referent  
 M 176 (48.8) 11 (6.3) 165 (93.7) 1.13 (0.43–2.95) 0.955 
Sexual maturity, n = 360      
 Immature 126 (35.0) 1 (0.8) 125 (99.2) Referent  
 Mature 234 (65.0) 19 (8.1) 215 (91.9) 3.99 (1.14–21.47) 0.025 
Body condition, n = 363      
 Poor 251 (69.1) 11 (4.4) 240 (95.6) Referent  
 Good 112 (30.9) 9 (8.0) 103 (92.0) 1.66 (0.61–4.36) 0.361 
Land use, n = 372*      
 Residential 195 (52.4) 11 (5.6) 184 (94.4) Referent  
 Nonresidential 177 (47.6) 10 (5.6) 167 (94.4) 0.92 (0.35–2.39) 1.000 
Season, n = 372†      
 Summer/fall 154 (41.4) 8 (5.2) 146 (94.8) Referent  
 Winter/spring 218 (58.6) 13 (6.0) 205 (94.0) 1.03 (0.39–2.80) 1.000 
Year of collection, n = 372      
 2018 43 (11.6) 4 (9.3) 39 (90.7) Referent  
 2019 193 (51.9) 11 (5.7) 182 (94.3) 0.47 (0.14–1.84) 0.307 
 2020 93 (25.0) 2 (2.2) 91 (97.8) 0.17 (0.02–1.12) 0.069 
 2021 43 (11.6) 4 (9.3) 39 (90.7) 0.80 (0.15–4.04) 1.000 
*Land use was defined as residential and nonresidential (i.e., institutional, industrial, commercial, and mixed). 
†Seasons were defined as winter (December–February), spring (March–May), summer (June–August), and fall (September–November). 
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amplicon from the open reading frame (ORF) 1 re-
gion (11). We retrieved a 283-nt fragment of ORF1 
from 17 samples and analyzed generated sequences 
with Lasergene software (DNASTAR, https://www.
dnastar.com). We did not obtain sequence data for 
4 rats. We aligned sequences with select GenBank 
reference sequences representing HEV genotypes 
currently known to infect rats, as well as rat HEV 
found in humans. Phylogenetic analysis of the par-
tial ORF1-derived sequences showed that all PCR 

amplicons were rat HEV. We grouped rat HEV se-
quences from southern Ontario (GenBank accession 
numbers OQ617169–85) into 4 distinct clusters (Fig-
ure 2), with relatively low genetic divergence (14%). 
Sequences in our study had the highest nucleotide 
homology with rat HEV sequences from rats in the 
United States (83.3%), followed by Germany (82.2%), 
Vietnam (71.5%), and Indonesia (71.3%). Southern 
Ontario shares a border with 2 US states, New York 
and Michigan, and the westernmost samples from 
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Figure 2. Phylogenetic tree based on the nucleotide alignment of hepatitis E virus (HEV) sequences from rats submitted by pest control 
professionals in southern Ontario, Canada, during November 2018–June 2021 (black dots), and select reference sequences from other 
studies in GenBank (accession numbers provided). Maximum-likelihood analysis of a 283-nt fragment of the RNA dependent RNA 
polymerase of open reading frame 1 was performed by the general time reversible plus gamma plus invariant sites substitution model 
as determined for the alignment by Smart Model Selection (12). Tree construction was optimized by nearest neighbor interchange 
and subtree pruning and regrafting with branch support computed by the approximate likelihood-ratio test based on a Shimodaira-
Hasegawa-like procedure (13). Only bootstrap values >70% are shown. Scale bar indicates the number of nucleotide substitutions per 
site. DRC, Democratic Republic of the Congo.
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Windsor were collected directly adjacent to Detroit, 
Michigan. We noted Ontario rat HEV sequences to be 
genetically distinct (24.6% divergence) from rat HEV 
sequences reported in humans.

Conclusions
Laboratory analysis of samples taken from Norway 
rats in southern Ontario, Canada, revealed hepatitis 
E virus RNA in 21 (5.6%, 95% CI 3.5%–8.5%) of 372 
rats, and phylogenetic analysis demonstrated that 
these sequences were closely related to those found 
in rats from other countries. Detection of rat HEV (R. 
ratti genotype C1) in Norway rats in our study shows 
that this virus is broadly distributed within southern 
Ontario, including 3 major cities (i.e., Toronto, Ham-
ilton, and Windsor), and may be endemic in Norway 
rat populations. An absence of PCR-positive rats in 
some areas of southern Ontario may be the result of 
undersampling rather than an indication that HEV is 
absent in these populations.

We observed that sexually mature rats were at 
significantly greater odds of being infected with HEV 
than immature rats. This observation is in contrast to 
findings from previous studies of rats, which found 
no association with age and infection status (14,15). 
We concede that this disparity in findings might be 
owing to methodological differences in how age class-
es were defined (i.e., sexual maturity [open vaginal 
orifice in females, scrotal testes in males] vs. weight). 
The observed association in our study might be the 
result of cumulative exposure to HEV leading to in-
creased risk for infection over time and behaviors in 
sexually mature rats that may increase transmission 
(e.g., exploratory and aggressive behaviors).

To date, 12 human cases of rat HEV have been 
reported in Hong Kong, Canada, and Spain (6–8). Al-
though zoonotic transmission from rats to humans 
has been suggested, the exact source and route of 
transmission in these cases remains unclear. Notably, 
human hepatitis E caused by rat HEV may be under-
reported because of subclinical or mild infection, lim-
ited awareness, and diagnostic testing techniques for 
HEV that might not detect rat HEV. Further studies 
are needed to investigate potential modes and pat-
terns of transmission and elucidate the zoonotic po-
tential of rat HEV and associated public health risks.

This report of rat HEV (R. ratti genotype C1) in 
Canada provides further evidence that this virus has 
a broad geographic distribution globally and may be 
endemic in Norway rats. Our study highlights the 
importance of continued surveillance for HEV in rats 
and the need for additional research regarding the 
role of rats in human hepatitis E.
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Escherichia coli O157:H7 is estimated to cause ≈63,000 
domestically acquired foodborne illnesses and 20 

deaths in the United States each year (1). E. coli O157:H7 
infections are typically associated with abdominal 
cramps, bloody diarrhea, and vomiting; however, a 
rare but serious condition called hemolytic uremic 
syndrome can develop, resulting in anemia and acute 
renal failure (2). Healthy cattle serve as the main reser-
voir for E. coli O157:H7, and contaminated food, wa-
ter, and environmental sources, as well as contact with 
animals, have been the source of outbreaks of E. coli 
O157:H7 infections (3,4). More recently, contaminated 
leafy greens have been recognized as a major source of 
E. coli O157:H7 illnesses and outbreaks. In foodborne 
illness attribution estimates for 2020 based on outbreak 
data, 58.1% of E. coli O157:H7 illnesses were attrib-
uted to vegetable row crops, a category that includes  
leafy greens  (https://www.cdc.gov/foodsafety/ifsac/ 

annual-reports.html). During 2009–2018, a total of 32 
confirmed or suspected outbreaks of E. coli O157:H7 
infections linked to contaminated leafy greens oc-
curred in the United States and Canada (5).

A large E. coli outbreak in late 2019, hereafter re-
ferred to as outbreak A, caused 167 cases, hospital-
ized 85 persons from 27 states, and was associated 
with the consumption of romaine lettuce from Salinas 
Valley, California, USA (https://www.cdc.gov/eco-
li/2019/o157h7-11-19/index.html). We characterized 
isolates from outbreak A and highly related isolates 
by using a variety of molecular methods.

The Study
A query of the PulseNet database revealed 356 iso-
lates related to the outbreak strain that had <15 core-
genome multilocus sequence typing (MLST; cgMLST) 
allele differences (Table 1; Appendix 1 Table 1, https://
wwwnc.cdc.gov/EID/article/29/9/23-0069-App1.
xlsx) (6). Of those, 302 isolates corresponded to hu-
man cases associated with 6 outbreaks spanning 3 
years; dates of isolation ranged from September 27, 
2016, to January 3, 2020. An additional 54 isolates 
were either clinical isolates not associated with a rec-
ognized outbreak (n = 14) or from environmental (n 
= 20), food (n = 8), or animal (n = 12) samples. Seven-
gene MLST and Manning clade typing revealed all 
isolates were sequence type (ST) 11 and belonged to 
Manning clade 2 (Appendix 2, https://wwwnc.cdc.
gov/EID/article/29/9/23-0069-App2.pdf). In silico 
PCR of the Shiga toxin (stx) genes revealed that all 
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Genomic characterization of an Escherichia coli O157:H7 
strain linked to leafy greens–associated outbreaks dates 
its emergence to late 2015. One clade has notable ac-
cessory genomic content and a previously described mu-
tation putatively associated with increased arsenic toler-
ance. This strain is a reoccurring, emerging, or persistent 
strain causing illness over an extended period.
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but 2 isolates contained stx2a, whereas 2 remain-
ing isolates had no detectable stx genes. We gener-
ated a closed-reference genome, 2019C-3201 (Strain: 
PNUSAE020169; BioSample: SAMN10432148), using 
PacBio Sequel technology (https://www.pacb.com) 
and assembled with Flye version 2.6 (7). The sequence 
data assembled into a single complete chromosomal 
contig and 3 plasmids (Table 2).

We selected a subset of 245 isolates for further 
genomic analysis to more evenly sample across 
outbreaks and to reduce computational demands. 
Isolates were characterized by core genome MLST 
implemented in BioNumerics 7.6 (6) and high-qual-
ity single-nucleotide polymorphism (SNP; hqSNP) 
methods using Lyve-SET version 1.1.4f (9), using the 
chromosomal sequence of 2019C-3201 as a reference 
and the Lyve-SET presets for E. coli. Overall, hqSNP 
was more discriminatory, differentiating isolates by a 
median of 10 pairwise hqSNPs (0–39 SNPs), whereas 
cgMLST differentiated isolates by a median of 2 allele 
differences (0–8 alleles) (Table 1). This finding was 
foreseeable because hqSNP does not depend on a pre-
defined scheme; therefore, intergenic SNPs between 

loci, multiple SNP differences within a given locus, 
or SNPs in loci not included in the cgMLST schema 
can result (9).

Time-tree analysis using BEAST version 2.6.3 (10) 
revealed the divergence of this strain into 2 clades that 
last shared a common ancestor around late 2015 (me-
dian December 19, 2015; 95% highest posterior density 
interval December 7, 2014–July 10, 2016) (Figure 1). 
After outbreak D in 2016, sequences corresponding to 
a given outbreak belonged to 1 of 2 clades; outbreaks 
B2 and C were associated with clade 1, and outbreaks 
A, B1, and B3 were associated with clade 2. Of note, 
outbreak A was traced to romaine lettuce from Sali-
nas Valley, whereas traceback and sampling in out-
break B2 linked some illnesses to romaine lettuce from 
Santa Maria, California (https://www.fda.gov/food/ 
outbreaks-foodborne-illness/investigation-summary- 
factors-potentially-contributing-contamination- 
romaine-lettuce-implicated-fall; https://www.fda.
gov/food/outbreaks-foodborne-illness/outbreak- 
investigation-e-coli-romaine-salinas-california- 
november-2019). Lettuce from Salinas was not con-
sidered a source of any illnesses in outbreak B2.  
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Table 1. Summary of outbreaks caused by reoccurring Escherichia coli O157:H7 strain REPEXH02 linked to leafy greens–associated 
outbreaks, 2016–2019* 

Outbreak 
No. 

sequences Timeframe 

No. 
sequences, 

subset 

Median subset 
allele differences  

(min–max) 

Median hqSNP 
subset differences 

(min–max) 
Outbreak 

source 
Growing 
region  

D 20 Sep 27–Dec 5, 
2016 

20 2 (0–5) 3 (0–17) Unknown NA 

C 23 Nov 10–-Dec 14, 
2017 

23 0 (0–3) 1 (0–5) Leafy 
greens 

Likely SW 
USA, 

Mexico 
B3 7 Jul 31–Aug 15, 

2018 
7 0 (0–3) 1 (0–10) Unknown NA 

B2 71 Oct 8–Dec 7, 
2018 

69 1 (0–4) 2 (0–10) Romaine 
lettuce 

Santa 
Maria, CA 

B1 19 Nov 1–Dec 18, 
2018 

18 2 (0–5) 4 (0–10) Leafy 
greens 

NA 

A 179 Sep 27, 2019–
Jan 3, 2020 

84 1 (0–5) 2 (0–12) Romaine 
lettuce 

Salinas 
Valley, 

CA 
Nonhuman samples 
collected in Santa 
Maria 

23 Nov 14, 2019 12 0 (0–1) 1 (0–5) NA Santa 
Maria, CA 

Not associated with 
known outbreak 

14 Oct 18, 2016–
Aug 4, 2019 

12 1 (0–3) 8 (0–18) NA NA 

All 356 Sep 27, 2016–
Jan 3, 2020 

245 2 (0–8) 10 (0–39) NA NA 

*hqSNP, high-quality single nucleotide polymorphism; NA, not applicable.  

 

 
Table 2. Genomic attributes of the 2019C-3201 reference genome of reoccurring Escherichia coli O157:H7 strain REPEXH02 linked to 
leafy greens–associated outbreaks, 2016–2019* 

Contig name 
GenBank 

accession no. Length, bp 
Sequence 
coverage Replicon  PTU (8) 

2019C-3201 chromosome CP090856 5,488,442 866 None NA 
p2019C-3201_1 CP090857 87,920 732 IncI1-I(gamma) PTU-I1 
p2019C-3201_2 CP090858 61,933 560 IncFII(pHN7A8), IncFII(pSFO) PTU-FE 
p2019C-3201_3 CP090859 92,724 623 IncFIB, IncFII PTU-E5 
*PTU, plasmid taxonomic unit.  
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Environmental sampling in Santa Maria in 2019 yield-
ed isolates clustering closely with outbreak B2 in the 
time tree.

We analyzed the closed reference sequence of 
2019C-3201 using Prokka version 1.8 to enable SNP an-
notation (11). We examined output from Lyve-SET to 
determine the SNPs differentiating the 2 clades in our 
phylogenetic analysis (Appendix 1 Table 2). This work 
confirms a previous study reporting a nonsense mu-

tation in the arsR gene, an arsenical resistance operon 
repressor (12). All clade 1 isolates in this study possess 
a G→A mutation resulting in a premature stop codon. 
This mutation could decrease the activity of this re-
pressor and lead to constitutive expression of this op-
eron. Agricultural soils and water sources can contain 
increased arsenic levels because of natural processes, 
industrial sources, or agricultural uses of arsenic, 
such as application of arsenic-containing herbicides, 
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Figure 1. Tip-dated maximum clade credibility tree of 245 isolates of reoccurring Escherichia coli O157:H7 strain REPEXH02 linked to leafy 
greens–associated outbreaks, 2016–2019, generated in BEAST2 (https://www.beast2.org). Tips are aligned with the date of collection; 
calendar year is shown on the x-axis. Tips are colored according to the outbreak to which each isolate belonged; the shape corresponds 
to sample type (e.g., human, animal, environmental, or food). A horizontal black line segregates the two identified clades. Clade 1 contains 
outbreak B2 where some illness was traced back to Santa Maria, California, USA, as well as environmental samples collected in that region. 
Clade 2 contains outbreak A, which was traced back to the Salinas Valley, California. The presence/absence matrix to the right of the tree 
displays accessory genome content identified using Roary/scoary with 90% sensitivity and specificity to a subset of clade 1 isolates. A legend 
for accessory genome feature labels is included in Appendix 1 Table 5 (https://wwwnc.cdc.gov/EID/article/29/9/23-0069-App1.pdf).
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pesticides, or animal drugs (13). This mutation could  
provide an ecologic advantage in environments con-
taining high levels of arsenic. This finding underscores 
the potential need to routinely screen enteric bacte-
rial strains for heavy metal resistance determinants, as 
well as to consider heavy metal levels in soil as part of 
traceback investigations.

We further characterized isolates through assem-
bly and annotation using Shovill-SPAdes version 1.0.9 
and Prokka version 1.14.5 (11) and subsequent analysis 
in Roary version 3.11.2 (14) and scoary version 1.6.16 
(15) to identify differences in the pangenome among 
isolates. We compared differentially distributed genes 
with the reference genome using BLASTn (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) to identify feature lo-
cation (chromosome/plasmid). Roary/scoary analysis 
revealed a subset of clade 1 isolates with additional ge-
nomic content. A total of 156 genomic features had >90 
sensitivity and >90 specificity to this subset of clade 
1. Of those, 87 (56%) are on plasmid p2019C-3201_1, 
and 69 (44%) are on p2019C-3201_2 (Figure 2; Appen-
dix 1 Tables 3, 4). Prokka-annotated features associ-
ated with p2019C-3201_1 (Figure 2; Appendix 1 Table 

3) were predominantly genes encoding hypothetical 
proteins with unknown functions and common plas-
mid-associated genes. Annotated features associated 
with p2019C-3201_2 (Figure 2; Appendix 1 Table 4) 
were predominantly associated with conjugation and 
span a large portion of that plasmid. Additional work 
is necessary to characterize the role of these plasmids 
in clade 1. When visualizing the distribution of these 
clade 1–specific features alongside the maximum-
clade credibility tree (Figure 1; Appendix 1 Table 5), it 
appears those features were acquired after clade 1 and 
clade 2 diverged. Given the geographic distribution of 
isolates, these features might be a result of adaptation 
to a particular niche or environment.

Conclusions
In summary, a specific strain of E. coli O157:H7 associ-
ated with leafy greens has been the source of ongoing 
enteric illness since late 2016. This strain is estimated 
to have emerged in late 2015 and consists of 2 clades 
with different geographic distributions, 1 of which 
has notable genomic features. After this analysis, an 
additional outbreak associated with this strain was  
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Figure 2. Annotated plasmids of reference genome 2019C-3201 of Escherichia coli O157:H7 containing clade-specific genomic 
features. A) p2019C-3201_1 annotated with prokka version 1.14.5 (yellow annotations) (11). Mapped list of Roary features (pan_
genome_references.fa) onto plasmid (95% nucleotide identity; gray annotations) (14). Features highlighted had >90 sensitivity and >90 
specificity to a subset of clade 1 isolates (pink annotations). The region with specific/sensitive features covers a large portion of the 
plasmid and predominately contains genes encoding hypothetical proteins with unknown functions and common plasmid-associated 
genes. Three features did not map in Geneious because they were either below 95% identity (2 features) or were identified as partial 
copy (1 feature). B) p2019C-3201_2 annotated with prokka v1.14.5 (yellow annotations). Mapped list of Roary features (pan_genome_
references.fa) onto plasmid (100% nucleotide identity; gray annotations). Features highlighted had >90 sensitivity and >97 specificity 
(blue annotations) to a subset of clade 1 isolates. The region with specific/sensitive features covers a large portion of the plasmid and is 
associated with conjugation. Image was generated using Geneious version 2021.2 (https://www.geneious.com).
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detected in late 2020 in which a reported 40 infections 
occurred in 19 states; 20 persons were hospitalized, 
and 4 developed hemolytic uremic syndrome (https://
www.cdc.gov/ecoli/2020/o157h7-10-20b/index.html). 
After that outbreak, no further outbreaks have been 
detected, and only a single clinical isolate associated 
with this strain has been identified by PulseNet. The 
Centers for Disease Control and Prevention has classi-
fied this strain as a reoccurring, emerging, or persistent 
(REP) strain (https://www.cdc.gov/ncezid/dfwed/
outbreak-response/rep-strains.html) with the designa-
tion REPEXH02. REP strains represent a new paradigm 
in enteric molecular surveillance, distinct from discrete 
outbreaks where numerous cases occur in a relatively 
short time frame. Detailed genomic characterization of 
additional REP strains, using the types of approaches 
outlined in this study, is necessary to elucidate fac-
tors contributing to their emergence and persistence in  
specific environments.
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Ophidascaris species are nematodes exhibiting an 
indirect lifecycle; various genera of snakes across 

the Old and New Worlds are definitive hosts. O. rob-
ertsi nematodes are native to Australia, where the de-
finitive hosts are carpet pythons (Morelia spilota). The 
adult nematodes inhabit the python’s esophagus and 
stomach and shed their eggs in its feces. Eggs are in-
gested by various small mammals, in which larvae es-
tablish, serving as intermediate hosts (1). Larvae mi-
grate to thoracic and abdominal organs (1–3) where, 
particularly in marsupials, the third-stage larvae may 
reach a considerable length (7–8 cm), even in small 
hosts (3,4). The lifecycle concludes when pythons 
consume the infected intermediate hosts (3). Humans 
infected with O. robertsi larvae would be considered 
accidental hosts, although human infection with any 
Ophidascaris species has not previously been report-
ed. We report a case of human neural larva migrans 
caused by O. robertsi infection.

The Study
A 64-year-old woman from southeastern New South 
Wales, Australia, was admitted to a local hospital in 
late January 2021 after 3 weeks of abdominal pain and 
diarrhea, followed by dry cough and night sweats. 
She had a peripheral blood eosinophil count (PBEC) 
of 9.8 × 109 cells/L (reference range <0.5 × 109 cells/L), 
hemoglobin 99 g/L (reference range 115–165 g/L), 
platelets 617 × 109 cells/L (reference range 150–400 × 
109 cells/L), and C-reactive protein (CRP) 102 mg/L 
(reference range <5 mg/L). Her medical history in-
cluded diabetes mellitus, hypothyroidism, and de-
pression. She was born in England and had traveled 
to South Africa, Asia, and Europe 20–30 years earlier. 
She was treated for community-acquired pneumonia 
with doxycycline and had not recovered fully. 

A computed tomography (CT) scan revealed 
multifocal pulmonary opacities with surrounding 
ground-glass changes, as well as hepatic and splenic 
lesions. Bronchoalveolar lavage revealed 30% eosino-
phils without evidence of malignancy or pathogenic 
microorganisms, including helminths. Serologic test-
ing was negative for Strongyloides. Autoimmune dis-
ease screening results were negative. The patient’s 
diagnosis was eosinophilic pneumonia of unclear eti-
ology; she began taking prednisolone (25 mg/d) with 
partial symptomatic improvement.

Three weeks later, she was admitted to a tertiary 
hospital with recurrent fever and a persistent cough 
while on prednisolone. PBEC was 3.4 × 109 cells/L 
and CRP was 68.2 mg/L. CT scans revealed persistent 
hepatic and splenic lesions and migratory pulmonary 
opacities (Figure 1, panels A, B). The pulmonary and 
hepatic lesions were 18F-fluorodeoxyglucose–avid 
on positive emission tomography scan. Lung biopsy 
specimen was consistent with eosinophilic pneumo-
nia but not with eosinophilic granulomatosis with 
polyangiitis (EGPA) (Figure 1, panel C). Bacterial, 
fungal, and mycobacterial cultures were negative. 
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We describe a case in Australia of human neural larva 
migrans caused by the ascarid Ophidascaris robertsi, for 
which Australian carpet pythons are definitive hosts. We 
made the diagnosis after a live nematode was removed 
from the brain of a 64-year-old woman who was immuno-
suppressed for a hypereosinophilic syndrome diagnosed 
12 months earlier.



Neural Larva Migrans with O. robertsi Ascarid

Echinococcus, Fasciola, and Schistosoma antibodies were 
not detected; concentrated and fixed-stain techniques 
did not reveal parasites on fecal specimens.

We detected a monoclonal T-cell receptor gene 
rearrangement, suggesting T-cell driven hypereo-
sinophilic syndrome (HES). Other hematologic and 
vasculitis investigations were unremarkable. HES 
treatment began with prednisolone (50 mg/d) and 
mycophenolate (1 g 2×/d). Because of her travel his-
tory, possibility of false-negative Strongyloides serol-
ogy, and increased immunosuppression, she received 
ivermectin (200 µg/kg orally) for 2 consecutive days 
and a repeat dose after 14 days.

A CT scan in mid-2021 showed improvement in 
the pulmonary and hepatic lesions but unchanged 
splenic lesions. PBEC was 0.76 × 109 in Septem-
ber 2021. We added mepolizumab (interleukin-5  

monoclonal antibody, 300 mg every 4 wk) in January 
2022 because we were unable to reduce the prednis-
olone below 20 mg daily without a flare of respira-
tory symptoms. When PBEC returned within normal 
range, we tapered the prednisolone dose.

During a 3-month period in 2022, the patient ex-
perienced forgetfulness and worsening depression 
while continuing prednisolone (7.5 mg/d) and myco-
phenolate and mepolizumab at the same doses. PBEC 
was within reference range; CRP was 6.4 mg/L. Brain 
magnetic resonance imaging showed a 13 × 10 mm 
peripherally enhancing right frontal lobe lesion (Fig-
ure 2, panel A). In June 2022, she underwent an open 
biopsy. We noted a stringlike structure within the le-
sion, which we removed; it was a live and motile hel-
minth (80 mm long, 1 mm diameter) (Figure 2, panels 
B, C). We performed a circumferential durotomy and 
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Figure 1. Early testing conducted during investigation of illness in a 64-year-old woman from southeastern New South Wales, 
Australia, who was later determined to have Ophidascaris robertsi nematode infection. A) Computed tomography scan of chest with 
venous contrast demonstrating multiple bilateral airspace opacities and nodules with a peripheral bronchovascular distribution. The 
opacities have surrounding ground-glass changes. Many were present in the patient’s study from a previous hospitalization; however, 
some had resolved while others were new, indicating a migratory pattern. B) Computed tomography scan of abdomen with venous 
contrast demonstrating multiple ill-defined hypoattenuated lesions within the liver and spleen. C) Hematoxylin and eosin stain (original 
magnification ×200) of a pulmonary lesion revealing prominent eosinophil infiltration of stroma and vessel walls. Arrow indicates a 
granuloma composed of histiocytes and eosinophils. The prominent eosinophilia was inconsistent with hypersensitivity pneumonitis, and 
the absence of vessel wall damage did not support a diagnosis of eosinophilic granulomatosis with polyangiitis.

Figure 2. Detection of Ophidascaris robertsi nematode infection in a 64-year-old woman from southeastern New South Wales, 
Australia. A) Magnetic resonance image of patient’s brain by fluid-attenuated inversion recovery demonstrating an enhancing right 
frontal lobe lesion, 13 × 10 mm. B) Live third-stage larval form of Ophidascaris robertsi (80 mm long, 1 mm diameter) removed from the 
patient’s right frontal lobe. C) Live third-stage larval form of O. robertsi (80 mm long, 1 mm diameter) under stereomicroscope (original 
magnification ×10).
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corticotomy and found no other helminths. Histopa-
thology of the dural tissue revealed a benign, organiz-
ing inflammatory cavity with prominent eosinophilia.

We provisionally identified the helminth as a 
third-stage larva of Ophidascaris robertsi on the basis 
of its distinctive red color, 3 active ascaridoid-like 
lips, presence of a cecum, and absence of a fully de-
veloped reproductive system, in the context of the 
known epidemiologic distribution of this species. 
The head and tail were preserved at the Australian 
National Wildlife Collection (W/LHC no. N5758). 
Small segments underwent independent PCR-based 
sequencing targeting the cytochrome oxidase c sub-
unit 1 (cox1) (5,6) at the University of Sydney and the 
second internal transcribed spacer (ITS) 2 of nuclear 
ribosomal DNA (7) at the University of Melbourne. 
Both sequencing results provided >99.7% sequence 
match to Ophidascaris (formerly Amplicecum) rob-
ertsi isolates in the National Center for Biotechnol-
ogy Information and in-house databases (Appendix, 
https://wwwnc.cdc.gov/EID/article/29/9/23-
0351-App1.pdf).

A progress CT scan revealed resolution of pul-
monary and hepatic lesions but unchanged splenic 
lesions. The patient received 2 days of ivermectin (200 
µg/kg/d) and 4 weeks of albendazole (400 mg 2×/d). 
She was given a weaning course of dexamethasone 
(starting 4 mg 2×/d) over 10 weeks, while all other im-
munosuppression was discontinued. Six months after 
surgery (3 months after ceasing dexamethasone), the 
patient’s PBEC remained normal. Neuropsychiatric 
symptoms had improved but persisted.

Conclusions
The patient in this case resided near a lake area in-
habited by carpet pythons. Despite no direct snake 
contact, she often collected native vegetation, warri-
gal greens (Tetragonia tetragonioides), from around the 
lake to use in cooking. We hypothesized that she in-
advertently consumed O. robertsi eggs either directly 
from the vegetation or indirectly by contamination of 
her hands or kitchen equipment.

The patient’s clinical and radiologic progres-
sion suggests a dynamic process of larval migration 
to multiple organs, accompanied by eosinophilia in 
blood and tissues, indicative of visceral larva mi-
grans syndrome. We suspect that the splenic lesions 
are a separate pathology because they remained 
stable and were not PET avid, unlike the pulmonary 
and hepatic lesions. 

This case highlights the difficulty in obtaining 
a suitable specimen for parasitic diagnosis and the 
challenging management decisions regarding im-

munosuppression in the presence of potentially  
life-threatening HES. Although visceral involvement 
is common in animal hosts, the invasion of the brain 
by Ophidascaris larvae had not been reported previ-
ously. The patient’s immunosuppression may have 
enabled the larvae to migrate into the central nervous 
system (CNS). The growth of the third-stage larva in 
the human host is notable, given that previous ex-
perimental studies have not demonstrated larval de-
velopment in domesticated animals, such as sheep, 
dogs, and cats, and have shown more restricted larval 
growth in birds and nonnative mammals than in na-
tive mammals (4).

After we removed the larva from her brain, the 
patient received anthelmintics and dexamethasone 
to address potential larvae in other organs. Ophi-
dascaris larvae are known to survive for long pe-
riods in animal hosts; for example, laboratory rats 
have remained infected with third-stage larvae for 
>4 years (4). The rationale for ivermectin and al-
bendazole was based on data from the treatment 
of nematode infections in snakes and humans (8,9). 
Albendazole has better penetration into the CNS 
than ivermectin (10). Dexamethasone has been used 
in other human nematode and tapeworm infections 
to avoid deleterious inflammatory CNS responses 
following treatment (11).

In summary, this case emphasizes the ongoing 
risk for zoonotic diseases as humans and animals 
interact closely. Although O. robertsi nematodes are 
endemic to Australia, other Ophidascaris species infect 
snakes elsewhere, indicating that additional human 
cases may emerge globally.
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The genus Anaplasma includes several species of 
tickborne, zoonotic pathogens of global impor-

tance. Three recognized species (Anaplasma phagocyto-
philum, Anaplasma ovis, and Anaplasma bovis) and one 
provisionally named species (Anaplasma capra) are as-
sociated with moderately severe to severe disease in 
humans (1). Human infections with A. bovis, a patho-
gen first identified in monocytes of cattle in Algeria in 
1936 and subsequently detected in other countries in 
Africa, Asia, and the Americas, were reported from 
China in 2017 (1–3). In 2015, a targeted metagenomic 
approach designed to amplify the V1–V2 region of 
the bacterial 16S rRNA (rrs) gene identified DNA 
of an A. bovis–like agent in blood specimens from 2 
US patients with suspected tickborne illnesses (4). 
The agent demonstrated 100% identity across a 357-
bp region of rrs to A. bovis–like sequences amplified 
from several human-biting Dermacentor tick species in 
North America (4). An additional 2 US patients posi-
tive for this same Anaplasma species were identified 
in 2017 (L. Kingry et al., unpub. data), although the 
genetic identity of this pathogen remained limited to 

the same 357-bp sequence of rrs (5–7). To further char-
acterize the phylogenetic position of this novel agent, 
we evaluated additional sequences to determine the 
uniqueness of this strain among the expanding global 
complex of A. bovis–like bacteria.

The Study
We extracted DNA from 100 µL of EDTA-treated 
whole blood obtained from 4 patients from whom 
partial rrs sequences of an A. bovis–like agent were 
identified from a targeted metagenomics assessment 
of whole blood specimens collected from US patients 
with suspected tickborne disease (4; L. Kingry et al., 
unpub. data). DNA extracts containing A. bovis DNA 
were also available from an adult Dermacentor an-
dersoni tick collected in Saskatchewan Landing Pro-
vincial Park in Saskatchewan, Canada, and from 5 
adult Dermacentor variabilis ticks collected in Washita 
County, Oklahoma; Floyd County, Iowa; and Sarpy 
and Cass Counties, Nebraska, from which partial rrs 
sequences most similar with A. bovis were amplified 
previously (5,6).

We amplified segments of the rrs, citrate synthase 
(gltA), and heat shock chaperon (groEL) genes using 
Taq PCR Master Mix Kit (QIAGEN, https://www.
qiagen.com) (Table 1). Each 20-µL primary reaction 
consisted of 1 µM of each primer, 10 µL Taq Master 
Mix, 2 µL DNA, and 6 µL molecular-grade water. 
Secondary reactions (groEL only) consisted of 1 µM 
of each primer, 10 µL Taq Master Mix, 1 µL primary 
PCR product, and 7 µL molecular-grade water. We re-
solved PCR amplicons on a 1% agarose gel in Tris-ace-
tate-EDTA buffer and cut amplicons from the gel and 
purified using a Wizard SV Gel and PCR Clean-up 
kit (Promega, https://www.promega.com). We se-
quenced each purified amplicon (1 µL) bidirectionally  
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We detected the DNA of an Anaplasma bovis–like bacte-
rium in blood specimens from 4 patients from the United 
States with suspected tickborne illnesses. Initial molecu-
lar characterization of this novel agent reveals identity to 
A. bovis–like bacteria detected in Dermacentor variabilis 
ticks collected from multiple US states.
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using a Big Dye Terminator v3.1 Cycle Sequencing 
Kit, purified using a BigDye XTerminator Purifica-
tion Kit, and sequenced using an ABI 3500 Genetic 
Analyzer (all from ThermoFisher Scientific, https://
www.thermofisher.com).

We used Geneious Prime version 2021.0.3 
(https://www.geneious.com) to assemble and align 
consensus sequences and infer the phylogenetic re-
lationships between DNA sequences (12). Only 3 
sources of genetic information for A. bovis were avail-
able in GenBank that provided complete or partial 
sequence data at all 3 loci, including those amplified 
from the blood of a raccoon (Procyon lotor) captured in 
Hokkaido, Japan (13); a goat (Capra sp.) from Shaanxi 
Province, China; and a cow (Bos taurus) from Shaanxi 
Province, China. The rrs, gltA, and groEL nucleo-
tide sequences amplified from the human samples 
were submitted to GenBank and assigned the acces-
sion numbers OQ693620 (rrs), OQ694770 (gltA), and 
OQ693619 (groEL).

The rrs sequences (599-bp) of the 4 human sam-
ples were 100% identical to each other and to those 
amplified from a D. andersoni tick and 5 D. variabilis 
ticks; the sequences also showed 98.3% identity to the 
rrs sequences amplified from blood specimens ob-
tained from the cow from China, 98% to those from 
the goat from China, and 97.8% identity to those from 
the raccoon from Japan. The 826-bp gltA sequences 
from the 4 human samples were 100% identical to 
each other and to all sequences from D. variabilis 
ticks; they also were 99.4% identical to the 827-bp 
sequence from the D. andersoni tick. When trimmed 
to 356 bp to match the sequence lengths available in 
GenBank of those from the cow and goat from China, 
the North America sequences amplified from humans 
and ticks shared only 78.6%–79.4% identity with the 
sequences from China. The groEL sequences (1,079-
bp) of the human samples were 100% identical to 
each other and to the corresponding sequences am-
plified from all 5 D. variabilis ticks and showed 99.4% 
identity to the groEL sequence amplified from the 
D. andersoni tick. Those samples showed only 85.4%  

identity to the A. bovis sequences from the raccoon 
from Japan and 84.6% identity to the sequences from 
the cow and goat from China. Phylogenetic analyses 
using concatenated sequences from the 3 loci pro-
duced an inferred consensus tree that grouped hu-
man and North America Dermacentor spp. tick sam-
ples with the other A. bovis sequences but with strong 
statistical support (100%) for the separation of A. 
bovis–like sequences from North America and those 
from China and Japan (Figure).

Conclusions
A novel and presumably tickborne pathogen of hu-
mans was identified in blood of patients from the 
central and upper midwestern United States during 
2015–2017 (Table 2). The amplification of a thus far 
genetically identical agent from D. variabilis ticks sug-
gests that this tick species could represent a vector 
of this A. bovis–like agent in the United States. This 
bacterium is also related to a worldwide complex of 
bacteria, detected in multiple species of ticks and do-
mesticated and wild animals, designated collectively 
as A. bovis. Because A. bovis has never been cultured 
in vitro, neither a type strain nor a complete genome 
exist for this pathogen. Only 3 genetic loci from A. 
bovis exist in GenBank, and few sources provide com-
plete sequences for all loci from the same sample. As 
seen in this evaluation, the level of nucleotide iden-
tity among samples can vary considerably at an indi-
vidual locus and hamper efforts to establish genetic 
relatedness of A. bovis–like bacteria.

The spectrum of disease and epidemiology as-
sociated with human infections caused by this novel 
A. bovis–like agent remains unknown. Presumably, 
human infections with this agent in the United States 
are uncommon, because this bacterium was detected 
only 4 times from 29,928 residual clinical samples ob-
tained during 2014–2019. By comparison, 1,236 infec-
tions with A. phagocytophilum and 345 infections with 
Ehrlichia spp. were identified from this investigation 
during the same period (5; L. Kingry et al., unpub. 
data). The study design that enabled the discovery of 
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Table 1. PCR primers used in study of Anaplasma bovis–like infections in humans, United States, 2015–2017 

Gene Primer name Sequence, 5′ → 3′ 
Annealing 

temperature* Reference 
rrs Out2F GAT AGC GGA ATT CCT AGT GTA GAG GTG 56°C  (8) 
 317Pan AAA GGA GGT AAT CCA GC   
gltA Abov_gltA2F CGG AAA TTA CTT TTA TAG ATG G 49°C This study 
 Abov_gltA2R CAT ACC AYT GAG AAA CCC AAC   
groEL HS1-f CGT CAG TGG GCT GGT AAT GAA 54°C  (9,10) 
 HS6-r CCW CCW GGT CWA CAC CTT C 50°C (11) 
 HS3-f ATA GTY ATG AAG GAG AGT GAT   
 HSVR TCA ACA GCA GCT CTA GTW G   
*Cycling conditions: 95°C for 3 min followed by 35 cycles of 95°C for 30 s, 1 min at the annealing temperature listed above, and an extension at 72°C for 
1 min 30 s. This was followed by a final extension at 72°C for 10 min. 
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this novel agent also precluded the collection of clini-
cal details of infected patients; nonetheless, an A. bo-
vis–like pathogen was detected recently in blood of 
patients from Anhui and Jiangxi Provinces in China 

who had illnesses characterized predominantly by 
fever, myalgia, fatigue, anorexia, and thrombocyto-
penia (3). In the United States, A. bovis–like bacteria 
have been detected in blood samples from cottontail 
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Figure. Phylogenetic relationship of novel human Anaplasma bovis–like pathogen associated with human cases in the United States, 
2015–2017, to other A. bovis–like and related Anaplasma species based on 2,039 bp of concatenated rrs, gltA, groEL nucleotide 
sequences. Phylogenetic relationships were inferred using the RAxML method using the general time reversible plus gamma model 
(13). One thousand bootstrap replicates were used to estimate the likelihood of the tree; bootstrap values are displayed next to 
the nodes. Only bootstrap values of >50 are shown. GenBank accession numbers for the samples in this study: OQ772254;, gltA; 
OQ772255, groEL; and OQ724830, rrs; those for the D. andersoni sample were assigned the following numbers: OQ772256, gltA; 
OQ772257, groEL; and OQ724821, rrs. Reference sequences from GenBank: Anaplasma bovis (cow, China): MH255937, 16S; 
MH594290, gltA; MH255906.1, groEL; A. bovis (goat, China): MH255939, 16S; MH255915.1, gltA; MH255907, groEL; A. bovis 
(raccoon, Japan): GU937020, 16S; JN588561, gltA; JN588562, groEL; Anaplasma platys strain Okinawa: AY077619, 16S; AY077620, 
gltA; AY077621, groEL; A. phagocytophilum strain HZ NC_007797; A. centrale strain Israel NC_013532; A. marginale strain Florida 
NC_012026. Ehrlichia chaffeensis strain West Paces (NZ_CP007480) was used as the outgroup. Scale bar represents mean number of 
nucleotide substitutions per site.
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rabbits (Sylvilagus spp.) from Massachusetts, Georgia, 
and Texas and from black-tailed jackrabbits (Lepus 
californicus) from Texas (14,15). Developing a specific 
molecular assay could help identify additional pa-
tients infected with this novel agent and clarify the 
tick and wildlife species involved in its natural his-
tory and transmission to humans.
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Table 2. Demographic and geographic characteristics associated with human cases of Anaplasma bovis–like infection identified in the 
United States, 2015–2017 
Specimen Patient age, y/sex State of origin Date of collection 
Oklahoma 2015 71/F Oklahoma 2015 Jun 9 
Minnesota 2015 34/M Minnesota 2015 Aug 12 
Oklahoma 2017 67/F Oklahoma 2017 May 21 
Missouri 2017 54/M Missouri 2017 Jun 14 

 



The genus Phlebovirus (order Bunyavirales, fam-
ily Phenuiviridae) consists of 66 species accord-

ing to the International Committee on Taxonomy of 
Viruses (1). Phleboviruses are globally distributed 
and can be transmitted by phlebotomine sandflies, 
mosquitoes, or ticks (2,3). Sandfly phlebovirus can 
cause unspecific symptoms in humans and often is 
misdiagnosed as dengue fever, malaria, or influenza 
(4,5); however, its clinical symptoms can range from 
high fever, severe headache, muscle pain, and asep-
tic meningitis to mild or severe meningoencephalitis 
(6). In Peru, 3 of 9 phleboviruses that cause febrile 
illness in Central and South America (3–5,7) have 
been identified: Echarate virus (ECHV), Maldonado 
virus (7), and Candiru virus (7).

During the last decade, isolates characterized 
by whole-genome sequencing have contributed 
to increased detection of novel and recombinant 

pathogenic and nonpathogenic phleboviruses 
worldwide (2,5,7), demonstrating a high viral di-
versity within this genus. Therefore, continuous 
public health surveillance, including genome char-
acterization as a complementary tool, is critical to 
identifying novel and emerging viruses of clinical 
relevance in the Americas. We report the identifi-
cation and characterization of a novel ECHV virus 
variant isolated from a patient with acute febrile ill-
ness (AFI) in Peru.

The Study
As part of passive clinic-based surveillance for AFI in 
Peru approved by Peru’s Ministry of Health and the 
US Naval Medical Research Unit South Institutional 
Review Board (protocol no. NMRCD.2010.0010) (8), 
a 20-year-old man who worked in civil construction 
was admitted to Hospital Regional Docente de Me-
dicina Tropical Julio César Demarini Caro, located 
in the city of Chanchamayo in the northern region of 
Junín Department in central Peru, on June 25, 2019 
(Figure 1). He had a 2-day history of fever, malaise, 
chills, systemic muscle pain, arthralgias, generalized 
head pain, drowsiness, photophobia, retroocular 
pain, and anorexia. He had conjunctival injection and 
an axillary temperature of 39.0°C, and the tourniquet 
test was negative.

We inoculated the acute serum sample into Af-
rican green monkey kidney cells (Vero ATCC CCL-
81) and Aedes albopictus mosquito cells (C6/36) and 
maintained them at 37°C (Vero cells) and 33°C (mos-
quito cells). The sample showed ≈50% cytopathic 
effect at day 7 in Vero cells, but no cytopathic ef-
fect occurred in C6/36 cells after 10 days. We pre-
pared spot slides of both cell lines and tested them 
by indirect immunofluorescence assay (IFA) us-
ing pooled polyclonal antisera against flaviviruses 
(yellow fever virus and dengue virus serotype 3),  
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A new phlebovirus variant was isolated from an acute 
febrile patient in Chanchamayo, Peru. Genome char-
acterization and p-distance analyses based on com-
plete open reading frames revealed that the virus is 
probably a natural reassortant of the Echarate virus 
(large and small segments) with a yet-unidentified 
phlebovirus (M segment).
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alphaviruses (Mayaro virus and Venezuelan equine 
encephalitis virus), orthobunyaviruses (Oropouche 
virus, Guaroa virus, Caraparu virus, and Maguari 
virus), arenaviruses (Allpahuayo virus and Tacari-
be virus), and cardiovirus. Only the Vero cells spot 
slide was reactive by IFA (≈25% of cells fluoresced) 
with pooled bunyaviruses polyclonal antibody. The 
second IFA with individual polyclonal antibody 
components also detected a weak reaction (≈25% of 
cells fluoresced) with Oropouche and Maguari poly-
clonal antibodies. Because of a weak positive signal 
at this level, we submitted the isolate for molecular 
characterization.

We extracted RNA from infected Vero cell su-
pernatant by using the QIAamp Viral RNA Mini Kit 
(QIAGEN, https://www.qiagen.com), according 
to the manufacturer’s instructions. We amplified 
the viral genome by using 2 unbiased approaches, 
a modified sequence-independent, single-primer 
amplification (SISPA) protocol (9), and whole-tran-
scriptome amplification (WTA) (10) using REPLI-
g WTA Single Cell Kit (QIAGEN) according to  

manufacturer’s guidelines. We prepared libraries by 
using Nextera XT DNA Library Preparation Kit (Il-
lumina, https://www.illumina.com) and sequenced 
them on the Illumina MiSeq platform by using 
MiSeq Reagent Kit version 3 (600-cycle) according to 
the manufacturer’s instruction.

We processed raw reads from both sequenc-
ing approaches (SISPA and WTA) for quality 
control, de novo assembly, host read subtraction, 
taxonomic classification, and gene family analy-
sis by using 3 different bioinformatics pipelines: 
EDGE Bioinformatics tools (11), VirusSeeker (12), 
and MetaDetector (K.A. Bishop-Lilly et al., un-
pub. data). Both unbiased methods showed similar 
read quality. Results of taxonomic analysis of the 
reads and contigs obtained from SISPA and WTA 
showed Candiru phlebovirus as the unique human 
viral pathogen in the isolate, indicating that both 
techniques successfully amplified the isolated vi-
rus. We searched consensus sequences (GenBank 
accession nos. OQ623470–2) against a nucleotide 
database by using BLASTn and protein database 
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Figure 1. Geographic distribution of Candiru complex virus in Central and South America in study of novel ECHV variant isolated from 
patient with febrile illness, Chanchamayo, Peru. A) Countries where viruses were identified (shaded in gray). B) Geographic distribution 
of the Candiru complex viruses in Peru identified from patients with acute febrile illness. Red dot indicates location of the novel ECHV 
variant: ECHV variant (Chanchamayo–Junín), ECHV (Echarate-Cuzco, 1998); Maldonado virus (Puerto Maldonado–Madre de Dios, 
2004); Candiru virus (Puerto Maldonado–Madre de Dios, 2010). ECHV, Echarate virus.
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by using BLASTx (both at https://blast.ncbi.nlm.
nih.gov). Candiru phlebovirus large and small seg-
ments had >95% amino acid identity compared 
with those of ECHV. Of note, the medium (M) 
segment had 76.5% identity with that of ECHV at 
nucleotide level and 86.36% identity at amino acid 
level (Table 1). The M segment typically encodes 
for 3 polypeptides (NSm, Gn, and Gc), which are 
co-translationally cleaved. The NSm polypeptide is 
a virulence factor associated with the inhibition of 
apoptosis in infected cells and plays a role in viral 
mosquito infection (13). The amino acid identity 
value of the predicted NSm sequence of our isolat-
ed virus ranged from <30% with the other members 
of Candiru complex to 78.6% with ECHV. For aver-
age coverage calculation, we mapped the trimmed 
reads back to contigs obtained from de novo assem-
bly and to the corresponding Echarate reference se-
quences as an orthogonal verification at 0.8 length 
fraction and 0.8 similarity fraction. The minimum 
coverage was 1,583× in the M segment with ECHV 
and the maximum was 10,224× in the M segment 
with the obtained contig (Table 2).

We performed pairwise sequence comparison 
between our isolate and Candiru complex viruses 
for the RNA-dependent RNA polymerase, glyco-
protein precursor, nucleoprotein, and nonstruc-
tural genes. The p-distance value of the glycopro-
tein precursor gene 0.237 (nucleotide) between our 
isolate and ECHV was similar to those observed 
among other members of the Candiru complex 
(Appendix 1 Table, https://wwwnc.cdc.gov/EID/
article/29/9/23-0374-App1.xlsx) and consistent 
with values previously reported in the literature 
among members of the Candiru complex (0.2–0.46) 

and among members of the same complex but 
not among strains of the same virus (0.01–0.12) 
(7,14,15). Furthermore, considering the new vari-
ant was isolated and characterized 21 years later, 
we also calculated the overall mean distance values 
(0.079 for nucleotide, 0.039 for amino acid) for 74 
complete M segment sequences of Oropouche virus 
published over time (1955–2021 [67 years]). Those 
values suggest that the difference could not be 
explained by virus mutation because the new iso-
late has a nucleotide difference value of 0.24 with 
ECHV. The low M segment identity value together 
with distance values probably indicate the unique-
ness of this segment and support the concept that 
this is a novel ECHV variant that could be gener-
ated by a recombinant event between ECHV and an 
unknown phlebovirus. 

To determine the evolutionary relationship of 
our isolate to other known members of the genus, we 
conducted maximum-likelihood phylogenetic analy-
ses on the aligned amino acid sequence of the RNA-
dependent RNA polymerase, glycoprotein precursor, 
nucleoprotein, and nonstructural genes (Appendix 2, 
https://wwwnc.cdc.gov/EID/article/29/9/23-0374-
App2.pdf). All the phylogenetic trees placed our iso-
late among the Candiru virus complex within a well-
supported clade with ECHV. However, the NSm or 
glycoprotein tree clustered the new variant together 
with ECHV within a well-supported clade separate 
from other Candiru complex viruses (Figure 2).

Conclusions
Our findings indicate that a novel ECHV variant 
is circulating in the jungle of central Peru. Because 
the clinical symptoms of infection with this variant 
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Table 2. Depth and breadth of coverage based on reads mapped to references for a novel Echarate virus variant isolated from patient 
with febrile illness, Chanchamayo, Peru* 
Segment Reference No. mapped reads Depth coverage Breadth coverage, % 
Large Contig 111,471 8,163.64 100 

ECHV (HM119410, 6,411 bp) 201,837 4,777.26 100 
Medium Contig 164,685 10,224.69 100 

ECHV (HM119411, 4,287 bp) 24,756 1,583.69 48 
Small Contig 20,585 6,358 100 

ECHV (HM119412,1,818 bp) 24,690 3,561.94 100 
*GenBank accession numbers and sequence length for each ECHV segment are in parentheses. ECHV, Echarate virus. 

 

 
Table 1. Summary of nucleotide and amino acid similarity for a novel Echarate virus variant isolated from patient with febrile illness, 
Chanchamayo, Peru* 
Segment % Nucleotide identity; % coverage (accession no.) % Amino acid identity (accession no.) 
Large 83.2; 99 (HM119410.1) 97.01 (AEA30058.1) 
Medium 76.5; 97† (HM119411.1) 86.36 (AEA30046.1) 
Small 91.32; 100 (HM119412.1) 96.37‡ (AEA30072.1); 100§ (AEA30073.1) 
*Accession nos. represent best hits on GenBank. 
†Result after a BLASTn (https://blast.ncbi.nlm.nih.gov) search was optimized for more dissimilar sequences (discontiguous megablast).  
‡Nonstructural. 
§Nucleoprotein. 
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are also characteristic of dengue, malaria, and other 
tropical infectious diseases common in this region 
(4,5) continued AFI biosurveillance is needed to de-
tect novel and emerging pathogens to protect the 
health of the population and US service members 
deployed in affected areas in Peru. Ecologic studies 
are necessary to determine how widespread the new 
variant is within this region, to identify potential 

vectors and reservoirs involved in its transmission, 
and to support decision-making for keeping service 
members medically prepared and protected from 
health and safety threats both on and off duty.
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Candida auris has been recognized as a critical 
priority pathogen globally, causing invasive in-

fections and persistent outbreaks in healthcare fa-
cilities (1). In June 2019, an outbreak dominated by 
C. auris clade III occurred in a 185-bed neonatal unit 
of a national central hospital located in Gauteng 
Province, South Africa. To contain the outbreak, 
multiple infection prevention and control (IPC) 
measures were implemented (Appendix, https://
wwwnc.cdc.gov/EID/article/29/9/23-0393-App1.
pdf), including colonization screening for contact 
patients housed in the same cubicle as babies who 
had positive cultures. Despite those measures, 
sustained control was not achieved, similar to the 
case for other prolonged outbreaks (2,3). Although 
small section-wide colonization point-prevalence 
surveys (PPS) were conducted earlier for control 
(Figure 1), a comprehensive unit-wide PPS was 

never undertaken. We describe a unit-wide PPS 
conducted before the neonatal unit was relocated 
to a new facility as part of a longstanding renova-
tion plan.

The Study
Institutional ethics approval for public health surveil-
lance and outbreak investigations was granted by 
the University of the Witwatersrand HREC (Medi-
cal) (M210752). Permission to conduct the survey was 
granted by the hospital’s Medical Advisory Commit-
tee, Chief Executive Officer, and the Paediatric De-
partment management.

The aim of the PPS was to reduce C. auris trans-
mission in the new facility. The PPS was conducted 
on November 2, 2021 (3 days before the relocation), 
to establish colonization status and implement co-
horting/isolation for affected infants. We used a 
direct reverse transcription PCR (RT-PCR)–based 
method for rapid detection and compared this to 
culture as the reference standard. We collected com-
posite skin swab specimens from the axilla and groin 
(4) and used selective and enrichment methods to 
isolate C. auris in culture (Appendix). We used the 
one-step SYBR PrimeScript RT-PCR Kit II (TaKaRa 
Bio, Inc., https://www.takarabio.com), according to 
Sexton et al. (5).

We swabbed 195 infants; RT-PCR results for 55 
(93%) of 59 infants admitted to the neonatal inten-
sive care unit and transitional care unit were avail-
able within 24 hours of specimen collection. Samples 
from those sections were prioritized because of high 
previous number of infections (Appendix Figure 1). 
Processing of the remaining swab samples was com-
pleted within 48 hours. The prevalence of C. auris 
colonization by RT-PCR was 15% (29/195) (Table 1). 
All culture results were available within 17 days after 
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One third of patients were colonized by Candida auris dur-
ing a point-prevalence survey in a neonatal unit during an 
outbreak in South Africa. The sensitivity of a direct PCR for 
rapid colonization detection was 44% compared with cul-
ture. The infection incidence rate decreased by 85% after 
the survey and implementation of isolation/cohorting.
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specimen collection because of multiple processing 
steps (Appendix Figure 2). With culture, the preva-
lence of C. auris was 32% (63/195). The overall preva-
lence was 33% (64/195). The sensitivity of the RT-PCR 
compared with culture was 44% (95% CI, 32%–58%). 
The sensitivity was highest in the high-care surgical 
unit and the neonatal intensive care unit, where the 
prevalence of colonization was highest on the day of 
the unit-wide PPS (Table 2).

All infants who were colonized with C. auris 
were immediately placed in isolation/cohorted in 
a separate section with contact precautions after ei-
ther a positive PCR result or culture result. Infants 
who were positive for C. auris based on PPS results 
or who had a previous  culture-positive diagnostic 
specimen for C. auris were not transferred to the 
new facility. Instead, they remained in the isola-
tion/cohorting section of the old neonatal unit until 
discharge. Because swab specimen culture results 
were still unknown on the relocation day, admitted  

PCR-negative and subsequently admitted infants 
were housed in separate wings in the new unit. 
Apart from that measure and the allocation of dirty 
and clean equipment areas, IPC practices in the new 
unit remained largely unchanged.

Using archived laboratory data, we analyzed 
incidence rates of C. auris infection (isolation from 
normally sterile specimens) or colonization (isola-
tion from nonsterile specimens) in the unit before 
the PPS (January 1, 2019–November 2, 2021) and af-
ter the PPS and relocation (November 3, 2021–June 
24, 2022) (Figure 2). Before the PPS, 167 new cases of 
C. auris infection were diagnosed, an incidence rate 
of 1.3 cases/1,000 patient-days. After the survey, 
27 new cases of infection were diagnosed, an 85% 
decrease in the infection incidence rate to 0.2 cas-
es/1,000 patient-days after PPS. The incidence rate 
of C. auris colonization was 0.6 cases/1,000 patient-
days (n = 82) before the PPS and 0.1 cases/1,000 pa-
tient-days after (n = 4).

1914 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29, No. 9, September 2023

Figure 1. Timeline of culture-confirmed Candida auris infection and colonization in neonatal unit, Chris Hani Baragwanath Academic 
Hospital, Johannesburg, South Africa, June 1, 2019‒June 24, 2022. HCU, high care unit; KMC, kangaroo mother and child care; PPS, 
point-prevalence survey; TCU, transitional care unit.

 
Table 1. Prevalence of Candida auris colonization by direct SYBR PrimeScript RT-PCR and selective/enrichment culture with MALDI-
TOF mass spectrometry identification in neonatal unit of Chris Hani Baragwanath Academic Hospital, Johannesburg, South Africa, 
November 2, 2021* 
Neonatal unit No. swabbed Prevalence by RT-PCR Prevalence by culture Overall prevalence 
Intensive care 12 6 (50) 10 (83) 10 (83) 
Transitional care 46 8 (17) 14 (30) 14 (30) 
High care surgical 10 5 (50) 6 (60) 7 (70) 
High care 97 7 (7) 27 (28) 27 (28) 
Kangaroo mother and child care 30 3 (10) 6 (20) 6 (20) 
Total 195 29 (15)† 63 (32) 64 (33) 
*Values are no. (%) except as indicated. MALDI-TOF, matrix-assisted laser desorption/ionization time-of-flight; RT-PCR, reverse transcription PCR. 
†One infant had insufficient sample for PCR; however, this infant was included in the denominator when calculating prevalence. 
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Conclusions
Compared with previous limited surveys in the unit, 
we determined a high prevalence of C. auris coloniza-
tion during the unit-wide PPS, probably a major fac-
tor in ongoing transmission within the neonatal unit 
(6,7). Screening of direct contacts and surveys limited 
to specific sections of the unit probably missed colo-
nized patients in other areas, and our results empha-
size the need for routine unit-wide surveys, which are 
more effective in detecting the true extent of coloniza-
tion during protracted C. auris outbreaks.

In the months after the unitwide PPS, infection 
and colonization incidence decreased. However, in-
fections and colonization (albeit to a lesser extent) 
continued to occur. Assuming that skin colonization 
always precedes invasive infection, the continued oc-
currence of C. auris infections suggests the PPS was 
only partially successful at control. Culture-based 
methods used for identification delayed implemen-
tation of contact precautions because of a long turn-
around time. The RT-PCR intended for rapid identi-
fication of colonization had a lower sensitivity than 
the >90% reported previously (5). The low observed 

sensitivity was possibly caused by low fungal load in 
the swab specimens, supported by a longer time-to-
culture-positivity for PCR-negative/culture-positive 
swab specimens than for PCR-positive/culture-posi-
tive swab specimens (Appendix Table 1). In addition, 
a higher fungal burden on patient skin in high-prev-
alence neonatal unit sections might have improved 
detection (7). Nonetheless, we could not exclude PCR 
inhibitors as a reason for low sensitivity because our 
assay lacked an internal control.

Despite the limitations of our case detection 
methods during the PPS, the substantial decrease in 
infection incidence strongly suggests that the PPS and 
related IPC measures played a crucial role in control. 
Although colonization incidence also decreased af-
ter the PPS, we are uncertain whether that was a real 
decrease. The incidence in the period before the PPS 
included colonized patients identified during limited 
surveys, resulting in more colonization cases poten-
tially being detected in that period compared with the 
post-PPS period.

Undetected colonization and persisting IPC chal-
lenges, such as staff shortages and bed occupancy 
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Table 2. Diagnostic accuracy measures for a direct SYBR PrimeScript RT-PCR compared with culture (standard) during a Candida 
auris colonization survey in neonatal unit of Chris Hani Baragwanath Academic Hospital, Johannesburg, South Africa, November 2, 
2021* 

Neonatal unit Sensitivity Specificity 
Positive predictive 

value 
Negative predictive 

value 
Diagnostic 
accuracy 

Intensive care 60 (26–88) 100 (16–100) 100 (54–100) 33 (4.0–78) 67 (35–90) 
Transitional care 57 (29–82) 100 (89–100) 100 (63–100) 84 (69–94) 87 (74–95) 
High care surgical 67 (22–96) 75 (19–99) 80 (28–9) 60 (15–95) 70 (35–93) 
High care 26 (11–46) 100 (95–100) 100 (59–93) 78 (67–86) 79 (70–87) 
Kangaroo mother and child care 50 (12–88) 100 (86–100) 100 (29–100) 89 (71–98) 90 (73–98) 
Overall 44 (32–58) 99 (96–100) 97 (82–100) 79 (72–85) 81 (74–85) 
*Values in parentheses are 95% CIs. One patient had a positive RT-PCR result but a negative culture. A heavy growth of Staphylococcus aureus from 
this patient’s sample could have overgrown C. auris. RT-PCR, reverse transcription PCR. 

 

Figure 2. Timeline of new cases and incidence rate of culture-confirmed Candida auris infection (n = 194) and colonization (n = 86) 
in neonatal unit, Chris Hani Baragwanath Academic Hospital, Johannesburg, South Africa, June 1, 2019‒June 24, 2022. PPS, point-
prevalence survey.
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in excess of capacity, all probably contributed to 
the continued transmission within the unit. Topical 
chlorhexidine gluconate or terbinafine could lead to 
skin decolonization (8,9). However, determining the 
optimal skin concentration, required contact time, 
and number of applications for sustained C. auris 
clearance and ensuring safety in neonatal populations 
remain unresolved (10). A comprehensive bundle of 
IPC measures, which includes routine PPS to assess 
skin colonization, preferably using a more sensitive 
PCR method (such as TaqMan chemistry) (7,11), along 
regular audits of adherence to contact precautions, 
surgical aseptic technique, device care protocols, and 
periodic environmental sampling to guide cleaning 
and decontamination efforts, should be implement-
ed. This system could be challenging and costly to 
maintain in a large unit; however, these measures are 
crucial for control. In conclusion, regular PPS should 
be conducted in neonatal units experiencing ongoing 
C. auris outbreaks to identify colonized persons and 
implement IPC precautions to prevent spread.
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Cronobacter sakazakii is a major foodborne patho-
gen that is associated with outbreaks of life-

threatening necrotizing enterocolitis, meningitis, 
and sepsis in neonates and infants. Although the 
incidence of this pathogen is low, the case-fatality 
rate is high in premature and immunocompromised 
infants (1,2). Multilocus sequence typing (MLST) is 
a powerful tool for effectively identifying and dis-
criminating different Cronobacter strains. Specific se-
quence types (STs) and clonal complexes are closely 
related to infections (3).

Compared with MLST, CRISPR (clustered regu-
larly interspaced short palindromic repeats) typing 
is superior for distinguishing similar strains (4). C. 
sakazakii ST64, the major ST in food samples, was 
further divided into 2 sublineages based on CRISPR 
diversity (5). We report a C. sakazakii ST64 strain that 
caused necrotizing enterocolitis in a neonate in Chi-
na and further examine its origin and phylogenetic 
relationship with ST64 strains based on CRISPR di-
versity and whole-genome single-nucleotide poly-
morphism (wgSNP).

The Study
This study was approved by the Ethics Committee of 
Guangzhou Women and Children’s Medical Center 
(Guangzhou, China; no. 2016081029). Experiments 
were performed at the Institute of Microbiology, 
Guangdong Academy of Sciences, and analyses and 
manuscript preparation were completed at Guang-
dong University of Technology.

On April 28, 2019, a 17-day-old male neonate 
born with severe congenital heart disease and peri-
oral cyanosis for 2 hours was hospitalized in a chil-
dren’s hospital in Guangzhou, China. The patient had 
necrotizing enterocolitis symptoms develop on May 6 
and was given meropenem and metronidazole as an-
tiinfection therapy. However, his symptoms did not 
improve, and intestinal perforation and peripheral 
hydrocephalus developed a few days later. Despite 
the efforts of the doctor, the patient died.

We identified a Cronobacter species isolated from 
ascites by using an automated VITEK 2 Compact 
system (bioMérieux, https://www.biomerieux. 
com). An isolate, GZfs, was identified as C. saka-
zakii ST64 of serotype O2. This ST has not previ-
ously been reported to cause neonatal necrotizing 
enterocolitis (6). C. sakazakii GZfs were susceptible 
to almost all antimicrobial drugs tested, except 
cephalothin (Appendix Table, https://wwwnc.cdc.
gov/EID/article/29/9/23-0537-App1.pdf). We se-
quenced genomic and plasmid DNA by using the 
PacBio RS II (Pacific Biosciences, https://www.
pacb.com) and HiSeq (Illumina, https://www 
.illumina.com) platforms, assembled, and anno-
tated as described (1,7). C. sakazakii GZfs had a 
single circular chromosome, 4.2 Mb, 57.11% GC 
content, and 2 plasmids (denoted as pFS1, 115,925 
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We report fatal neonatal necrotizing enterocolitis in 
China caused by Cronobacter sakazakii capsular pro-
file K1:CA1, sequence type 64, and CRISPR type 197. 
Phylodynamic analyses indicated that the strain origi-
nated from the ancient, widespread, and antimicrobial 
drug–sensitive CRISPR sublineage b. Enhanced sur-
veillance and pathogenesis research on this organism 
are required.
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bp, 57.09% GC; and pFS2, 110,391 bp, 50.10% GC) 
(GenBank accession nos. CP123201–3).

In our previous study, we divided C. sakaza-
kii ST64 strains into 2 CRISPR sublineages, a and b, 
and compared antimicrobial drug resistance profile 
strains in sublineage a with strains in sublineage b 
(5). To explore the origin of this pathogenic strain 
and its phylogenetic relationship with other C. saka-
zakii ST64 strains, we performed whole-genome se-
quencing of 9 ST64 strains (GenBank accession nos. 
JARUQD000000000–L000000000) and downloaded 
all ST64 strains with whole-genome sequences from  
the Cronobacter PubMLST database (https://pubmlst.
org/organisms/cronobacter-spp) and GenBank  ge-
nome databases. We provide antimicrobial drug re-
sistance results of 14 food-source ST64 strains (Ap-
pendix Table).

After deleting all poor-quality sequences and du-
plicate strains, we used 66 whole-genome sequences for 
further analyses. We extracted CRISPR arrays and spac-
ers from those sequences and assigned CRISPR type 
(CT) numbers to 55 strains with intact CRISPR arrays, 

according to methods from our previous study (4). All 
ST64 strains had the same 2 spacers: CRISPR3, which 
was not detected in our previous study because of the 
lack of cas genes (7), and CRISPR3, which was not use-
ful for CT in this ST. There were 25 CTs, including 17 
new, and we identified C. sakazakii GZfs as a new type of 
CT197 (Appendix). Based on spacer composition, GZfs 
belonged to CRISPR sublineage b. However, no other 
strain was found to have an identical spacer profile.

We calculated the wgSNP of ST64 strains by us-
ing Harvest software (8) and extracted those strains 
by using SNP-sites software (9). We constructed a 
maximum-likelihood phylogenetic tree by using 
FastTree software (10) and edited in iTOL (11). We 
used a Bayesian phylogenetic approach to estimate 
the nucleotide substitution rates and divergence 
times of C. sakazakii ST64 according to a previous 
study (7). The maximum-likelihood tree based on 
the wgSNPs of ST64 strains also showed 2 distinct 
phylogenetic clusters in accordance with the CRIS-
PR sublineages (Figure 1). The strains in sublineage 
a were all from food sources.
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Figure 1. Multilocus sequence typing phylogenetic tree based on whole-genome sequencing single-nucleotide polymorphisms of a 
Cronobacter sakazakii ST64 strain from a fatal case of necrotizing enterocolitis in a 17-day-old male neonate, China, compared with 
reference strains. Asterisks indicate newly sequenced strains in this study; red text indicates isolate from the neonate. CRISPR spacers 
arrangement, CT, source, year, region and genes are listed next to corresponding strains. Color schemes in CRISPR arrays are 
provided at the spacer level to illustrate differences among strains by using CRISPRStudio software (https://www.semanticscholar.org). 
Ellipsis in spacers indicate partial CRISPR arrays without determined end (incomplete CRISPR arrays). Scale bar indicates nucleotide 
substitutions per site. AMR, antimicrobial resistance; CR, CRISPR type; CRISPR, clustered regularly interspaced short palindromic 
repeats; ST, sequence type.
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Sublineage b contained more strains and diverse 
sources. Moreover, C. sakazakii GZfs and all clinical 
source strains (C. sakazakii KMB-550, MOD1-1121-73, 
and CDC1121-73) in public databases belonged to this 
cluster. C. sakazakii MOD1-1121-73 and CDC1121-73 
were isolated from bronchial washes; there was no 
other patient or disease information regarding those 
clinical strains.

The genome-wide substitution rate of C. saka-
zakii ST64 was estimated to be 2.3 × 106 substitu-
tions/site/year (95% CI 1.0 × 107–5.3 × 106 substitu-
tions/site/year). According to the maximum clade 
credibility (MCC) tree (Figure 2), the likely most 
recent common ancestor of CRISPR sublineage b 
was 47,500 (95% CI 11,600–300,700) years ago, ear-
lier than for sublineage a, which was 10,900 (95% 
CI 1,300–11,600) years ago. C. sakazakii GZfs had a 
relatively close phylogenetic relationship with the 
food-source C. sakazakii strain ZV-3645-16 in Slo-
venia; environmental strains C. sakazakii Crono01, 
Crono02-YL, and Crono03-YL; and the food-source 
strain C. sakazakii cro3825W in China (Figures 1, 2). 
This finding indicates a close environment food-clin-
ic relationship in dissemination.

We identified acquired drug resistance genes by us-
ing ResFinder 2.1. (https://cge.cbs.dtu.dk/services/ 
ResFinder-2.1). All 3 strains in sublineage a acquired 
the antimicrobial resistance (AMR) genes tet(A)/
aadA2/dfrA12/qacE/sul1, in accordance with their 

resistance to tetracycline and trimethoprim/sulfa-
methoxazole (Figure 1; Appendix Table). Five strains 
in sublineage b had AMR genes; 3 strains (C. sakaza-
kii cro645A3-1, cro3040W, cro4114A1) and 1 strain 
(C. sakazakii cro4114B2) isolated from vegetables 
harbored the AMR genes blaTEM-116 and qnrA3. Four 
strains were susceptible to all tested antimicrobial 
drugs (Appendix Table). One environmental strain, 
C. sakazakii FDA1024695-210-001, had tet(B)/aph(3′′)-
Ib/aph(6)-Id genes. A total of 92.1% (58/63) strains in 
sublineage b lacked AMR genes. All 4 clinical strains, 
including C. sakazakii GZfs, did not have AMR genes. 
In a previous study, C. sakazakii ST494 strain was sen-
sitive to all antimicrobial drugs used for treatment; 
however, the patient died (12). Those results suggest-
ed that AMR might not be the major reason for the 
high case-fatality rate associated with this pathogenic 
infection. Both C. sakazakii ST494 and ST64 did not be-
long to the common pathogenic clonal complex. En-
hanced surveillance and pathogenesis research of this 
organism are warranted.

The virulence genes in C. sakazakii remain unclear 
(13), and 2 T6SS and 1 prophage on the chromosome 
of GZfs might contribute to pathogenicity. The capsu-
lar profile of the GZfs was determined to be K1:CA1, 
as in our previous study (1), and plasmid pFS1 was 
closely related to the IncFIB-type virulence plasmid 
pESA3 identified in pathogenic C. sakazakii strains 
and pGW2 in C. sakazakii GZcsf-1, which causes  
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Figure 2. Timed phylogeny in maximum clade credibility tree of Cronobacter sakazakii ST64 strain from a fatal case of necrotizing 
enterocolitis in a 17-day-old male neonate, China, compared with reference strains. Red text indicates isolate from the neonate. 
Numbers along branches are bootstrap values. Posterior probabilities are shown in the nodes. ST, sequence type.
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meningitis in neonates (1,14). More attention should 
be given to the study of virulence and pathogenesis.

Conclusions
We report 1 C. sakazakii ST64 strain, GZfs, causing 
fatal neonatal necrotizing enterocolitis in China that 
did not belong to the previously identified common 
pathogenic clonal complexes or STs (3). It belongs to 
the ancient, widespread, and antimicrobial drug–sen-
sitive CRISPR cluster b of ST64. AMR might not be 
the major reason for the high case-fatality rate for this 
pathogen. Public health would benefit from identifi-
cation of virulence genes and pathogenic mechanisms 
of C. sakazakii.
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Self-administered home-based tests are increas-
ingly used as the primary method to detect SARS-

CoV-2, the virus that causes COVID-19 (1). In contrast 
to tests performed at a public health department, lab-
oratory, or other healthcare setting and administered 
by a provider, home-based tests require little or no 
interaction with the healthcare system (2,3). The Cen-
ters for Disease Control and Prevention (CDC) rec-
ommends isolation for persons who test positive for 
SARS-CoV-2 (4); however, it is unclear if test admin-
istration type is associated with following isolation 
recommendations. We used data from a nationally 
representative survey of persons in the United States 
with COVID-19 (5) to explore differences in propor-
tions among those who isolated, followed contem-
porary isolation recommendations, and self-notified 
contacts by test administration type.

The Study
We conducted a probability-based, web-based pan-
el survey that provided a representative sampling 
frame, weighted to demographically represent all 

noninstitutionalized adults >18 years of age resid-
ing in the United States during January 2020–March 
2022 (Appendix, https://wwwnc.cdc.gov/EID/
article/29/9/23-0494-App1.pdf). For persons with 
multiple SARS-CoV-2 test results, isolation behav-
iors and self-notification of contacts corresponded to 
the first episode only. Because home tests were ap-
proved in late 2020 (6) and the recommended length 
of isolation duration evolved over time, we restricted 
survey respondents to persons with COVID-19 diag-
noses that occurred during January 1, 2021–March 31, 
2022, and categorized participants by whether they 
achieved the minimum number of days recommend-
ed for isolation on the basis of CDC-recommended 
contemporary isolation policies. During January 1–
December 31, 2021, the minimum recommended iso-
lation period was 10 days; during January 1–March 
31, 2022 (the end date of the survey), the minimum 
recommended isolation period was 5 days (7).

We developed survey-weighted multivariable 
logistic models to examine the association between 
test administration type and 1) any isolation, 2) ad-
herence to contemporary guidelines among those 
who isolated, and 3) self-reporting to contacts. We 
also developed a survey-weighted multivariable lin-
ear regression model to examine the association be-
tween test administration type and days of isolation. 
In multivariable models we controlled for age, sex, 
race/ethnicity, US state of residence, household size, 
household income, and urbanicity (i.e., urban, sub-
urban, and rural). We transformed logistic models to 
compute adjusted odds ratios (aORs) and accompa-
nying 95% CI, considering CIs that did not contain 
the null to be statistically significant.

Using population-weighted survey responses, 
we estimated 48,518,190 adults in the United States 
had >1 positive SARS-CoV-2 test result during the 
15-month analytic period. Among those, 11,468,111 
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Using a nationally representative panel survey, we ex-
amined isolation behaviors among persons in the United 
States who had positive SARS-CoV-2 test results dur-
ing January 2021–March 2022. Compared with persons 
who received provider-administered results, persons 
with home-based results had 29% (95% CI 5%–47%) 
lower odds of following isolation recommendations.
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(24%) adults had results exclusively from home-
based tests and 37,050,079 (76%) had results exclu-
sively from provider-administered tests.

After we adjusted for potential confounders, 
persons who received results from home-based tests 
were significantly less likely to isolate for any dura-
tion compared with those who received provider-
administered tests (78% vs. 84%; aOR 0.72 [95% CI 
0.57–0.89]) (Figure). Similarly, among those who did 
isolate, the odds that their isolation met contempo-
rary guidelines were significantly lower among per-
sons who received results from home-based tests than 
among those with provider-administered tests (64% 
vs, 73%; aOR 0.71 [95% CI 0.53–0.95]). The adjusted 
mean duration of isolation was 2 (95% CI 1.59–2.45) 
days shorter among persons with results from home-
based tests than those with provider-administered 
tests (p<0.001). Participants who home tested also had 
decreased odds of self-notifying their contacts; how-
ever, that association was not statistically significant 
(78% vs. 84%; aOR 0.79 [95% CI 0.53–1.18]) (Figure).

Conclusions
Using a nationally representative survey of persons 
with COVID-19, we found that persons in the United 
States who exclusively used SARS-CoV-2 home-based 

tests were significantly less likely to isolate or follow 
contemporary isolation recommendations and, on av-
erage, isolated for fewer days than those who exclu-
sively used provider-administered tests. This analysis 
adds to a limited number of reports that investigated 
the actual behaviors of persons after they received a 
positive SARS-CoV-2 result. A randomized trial by 
Woloshin et al. (8) demonstrated that persons who 
used home-based tests might not follow CDC guide-
lines. Those findings suggest that persons who test 
at home may be unaware of or misinformed about 
the need for, or duration of, recommended isolation 
and indicates that health providers may potentially 
influence isolation behaviors and reinforce contem-
porary recommendations. Ritchey et al. (9) found 
that, despite the increased availability of home-based 
tests, only a small fraction of persons in the United 
States self-reported home-based test results to a pub-
lic health surveillance system. Those findings have 
potential implications for initiating important public 
health activities, such as formal case investigation for 
surveillance and contract tracing to interrupt ongoing 
transmission. Oeltmann et al. (5) reported that most 
persons with any positive test results self-notified 
contacts irrespective of whether they participated 
in formal case investigation and contact tracing. In  
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Figure. Crude and adjusted odds ratios and 95% CIs comparing COVID-19 isolation, isolation duration, and self-notification of contacts 
by SARS-CoV-2 test administration type, United States, January 2021–March 2022. Multivariable models included population-weighted 
individual survey responses controlled for age, sex, race/ethnicity, US state of residence, household size, household income, and 
urbanicity (i.e., urban, suburban, or rural). Isolation and notification likelihood of home-based testing is in comparison to provider-
administered tests. Vertical dashed line indicates the null or no statistical association. OR, odds ratio.
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addition, Bien-Gund et al. found that persons who 
tested positive were motivated to distribute test kits to 
potential contacts (10), suggesting that persons with 
positive results might engage in constructive health 
behaviors without formal public health interactions.

The first limitation of our study is that responses 
were self-reported, meaning those who agreed to par-
ticipate in the survey might be more health conscious 
and, thus, have a higher propensity to follow public 
health guidelines. We did not include those too ill to 
respond (e.g., hospitalized persons) or persons ex-
periencing homelessness, and we only administered 
the survey to participants proficient in English or 
Spanish. Conversely, persons with mild or asymp-
tomatic disease were plausibly less motivated to test 
and, thus, may have been unaware of a potential  
COVID-19 diagnosis, resulting in a potential misclas-
sification in the survey. The pace of home-based test-
ing availability and use in the study population might 
not reflect the true practice in the United States over 
time. Finally, the survey was limited to questions de-
scribing the first episode of COVID-19. For persons 
with multiple episodes or test results, isolation be-
haviors and self-notification of contacts might have 
changed over time.

Rapid, home-based tests for SARS-CoV-2 have 
both individual and public health benefits (9). 
Home-based tests greatly expanded access to CO-
VID-19 diagnosis, especially among those without 
primary healthcare providers and those without 
stable medical benefits. However, although home-
based tests increase convenience and may hasten the 
time to diagnosis (2–4), home-based tests eliminate 
the opportunity for providers to offer health educa-
tion, reinforce complex and often rapidly evolving 
COVID-19 recommendations, and emphasize the 
importance of behavior change to mitigate ongoing 
transmission. Clear public health messaging about 
when and how to test, and the efficacy of each type 
of test, may help to ensure that persons are testing at 
the appropriate time, even if they do not experience 
any symptoms (11).

In our study, a notable proportion of persons 
with home-based test results (64%) and provider-ad-
ministered test results (73%) followed contemporary 
isolation recommendations. Because the proportion 
of individuals using home-based tests has increased 
over time, there is a need to better integrate these re-
sults into tangible public health actions. Developing 
mechanisms that encourage self-report of positive 
home-based tests results to health departments will 
likely improve COVID-19 surveillance, formal case 
investigation, and contact tracing efforts, but also of-

fer opportunities for additional clinical, educational, 
and emotional support that may further reinforce 
contemporary COVID-19 recommendations. Exam-
ining specific individual-level or community-level 
behavioral factors associated with self-reporting 
and other public health actions may extend these 
findings and deepen our understanding of optimal 
strategies to mitigate future pandemics with rapid 
widespread transmission.
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etymologia revisited
Tularemia
[t-lə-rē-mē-ə]

An infectious, plaguelike, zoonotic disease caused by the bacillus 
Francisella tularensis. The agent was named after Tulare County, 

California, where the agent was first isolated in 1910, and Edward 
Francis, an Officer of the US Public Health Service, who investigat-
edthe disease. Dr. Francis first contracted deer fly fever from a patient 
he visited in Utah in the early 1900s. He kept a careful record of his 
3-month illness and later discovered that a single attack confers per-
manent immunity. He was exposed to the bacterium for 16 years and 
even deliberately reinfected himself 4 times.

Tularemia occurs throughout North America, many parts of  
Europe, the former Soviet Union, the Peoples Republic of China, and 
Japan, primarily in rabbits, rodents, and humans. The disease is trans-
mitted by the bites of deerflies, fleas, and ticks; by contact with con-
taminated animals; and by ingestion of contaminated food or water.

Clinical manifestations vary depending on the route of  
introduction and the virulence of the agent. Most often, an ulcer is 
exhibited at the site of introduction, together with swelling of the 
regional lymph nodes and abrupt onset of fever, chills, weakness, 
headache, backache, and malaise.

Reference 
 Dorland’s illustrated medical dictionary, 31st edition. Philadelphia: 

Saunders; 2007; Benenson AS, editor. Control of communicable diseases 
manual. Washington: American Public Health Association; 1995; 
https://www.whonamedit.com



Congregate populations, including those in uni-
versity and military settings, are at high risk for 

SARS-CoV-2 transmission because of crowding, fre-
quent physical contact, and environmental contami-
nation (1). Using self-collected saliva for surveillance 
may be a noninvasive alternative to serum and war-
rants further evaluation to guide population surveil-
lance strategies.

Assessment of SARS-CoV-2 infection prevalence 
often is underestimated because of asymptomatic and 
paucisymptomatic infections that are not often cap-
tured by screening test strategies (2–4), but those in-
fections contribute to high attack rates in congregate 
populations (5–9). This study evaluated the use of 

saliva to estimate the prevalence of SARS-CoV-2 in-
fection among a congregate population of young and 
initially immunologically naive adults at the US Na-
val Academy (USNA) in Annapolis, Maryland, USA.

The Study
The Observational Seroepidemiologic Study of  
COVID-19 at the USNA (TOSCANA) study en-
rolled male and female midshipmen to estimate the  
SARS-CoV-2 attack rate and assess the concordance 
of seroprevalence between blood and saliva. All mid-
shipmen at USNA (≈4,500) reside in a single dormito-
ry. During the time of the study, nonpharmaceutical 
interventions included mask wearing, weekly PCR-
based surveillance, and isolation of cases (Appendix,  
https://wwwnc.cdc.gov/EID/article/29/9/23-
0417-App1.pdf). Pharmaceutical interventions in-
cluded receipt of the Moderna (https://www.moder-
natx.com) SARS-CoV-2 mRNA vaccine in March 2021 
(first dose) and April 2021 (second dose); >96% of all 
midshipmen had documented receipt of 2 doses.

We initiated the process of recruiting, enrolling, 
and acquiring consent of participants at the start of 
the academic year. After providing consent, partici-
pants completed the baseline questionnaire regarding 
demographic information, risk factors for acute respi-
ratory infection, and previous infections or exposures 
to SARS-CoV-2. Paired self-collected saliva and dried 
blood spots were collected at enrollment (August 
2020, visit 1 [V1]) and follow-up visits in December 
2020 (V2), February 2021 (V3, saliva only), and April–
May 2021 (V4) (Appendix Table).

Methods for dried blood spot (DBS) collection 
and testing has been described previously (10). We 
collected blood samples by using the Mitra Blood 
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The optimal approach to COVID-19 surveillance in con-
gregate populations remains unclear. Our study at the US 
Naval Academy in Annapolis, Maryland, USA, assessed 
the concordance of antibody prevalence in longitudinally 
collected dried blood spots and saliva in a setting of fre-
quent PCR-based testing. Our findings highlight the utility 
of salivary-based surveillance.
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Collection Kit (Neoteryx, https://www.neoteryx.
com) and tested them for SARS-CoV-2 reactive IgG by 
using an in-house multiplex microsphere-based im-
munoassay. The antigenic targets were a prefusion-
stabilized SARS-CoV-2 spike glycoprotein ectodo-
main trimer and a nucleocapsid protein; we detected 
antigen-specific IgG levels by using a Bio-Plex 200 
HTF multiplexing systems (Bio-Rad, https://www.
bio-rad.com) and reported results as median fluores-
cence intensity (MFI).

We collected saliva samples by using an Oracol 
S14 collection device (Malvern Medical Develop-
ments, https://www.malmed.co.uk) and tested them 
as previously described (11). We tested samples for 
IgG binding to any of 7 SARS-CoV-2 antigen com-
ponents (2 SARS-CoV-2 nucleocapsid proteins, 3 re-
ceptor-binding domain [RBD] proteins, and 2 spike 
proteins) by using a multiplex immunoassay. After 
background subtraction, we classified samples posi-
tive for RBD and nucleocapsid IgG as indicative of 
prior infection, whereas we classified samples posi-
tive for only RBD IgG as indicative of SARS-CoV-2 
vaccination.

As part of routine clinical care, USNA’s Brigade 
Medical Clinic collected nasopharyngeal swab speci-
mens from all returning midshipmen in August and 
throughout the school year when they visited the 

clinic with symptoms of respiratory illness. In ad-
dition, each week we randomly selected 15% of the 
asymptomatic midshipmen population for reverse 
transcription PCR (RT-PCR) screening; we also tested 
100% of in-season varsity athletes each week. We ex-
cluded from weekly testing all participants who had 
confirmed positive SARS-CoV-2 infection during the 
preceding 90 days. We tested nasopharyngeal swab 
samples by using SARS-CoV-2 RT-PCR and made 
results accessible through electronic medical records.

We compared seroconversion rates with cumula-
tive frequencies of molecularly confirmed infections. 
We calculated correlation coefficients for spike IgG 
and nucleocapsid IgG MFI in saliva and DBS. We 
used the Cohen kappa coefficient (κ) to measure con-
cordance of saliva with DBS nucleocapsid IgG and 
spike IgG positivity and to measure concordance of 
PCR tests with seroconversions.

This study was approved by the Uniformed Ser-
vices University Institutional Review Board under 
protocol IDCRP-129. All participants provided writ-
ten informed consent.

In August 2020, a total of 104 midshipmen en-
rolled in the study; 64.4% were men, 92.3% were 
white, 8 (7.7%) reported COVID-19 exposure, and 
11 (10.6%) reporting a COVID-19 diagnosis before 
arrival at USNA. At baseline, 17 (16%) participants 
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Table 1. New SARS-CoV-2 infections detected among 79 study participants, by PCR and serologic test, at each specimen collection 
timepoint, US Naval Academy, Annapolis, Maryland, USA, August 2020–May 2021* 
Test 2020 Aug (V1) 2020 Dec (V2) 2021 Feb (V3) 2021 May (V4)† Total 
Saliva seroconversion‡ 0 2 3 13 18 
Dried blood spot seroconversion 0 3 NA 16 19 
PCR-positive 1 3 5 10 19 
*Sample restricted to participants who had a PCR test on record (from screening or medically attended SARS-CoV-2) and were not seropositive at the 
first visit in August 2020. V1, V2, V3, and V4 note the visit timepoint that matches to the corresponding month. 
†Collection time is postvaccination; nucleocapsid IgG and not spike IgG seroconversion alone was used to measure infection.  
‡Salivary nucleocapsid IgG positivity defined as receptor-binding domain IgG and nucleocapsid IgG positive; salivary spike IgG positivity used a receptor-
binding domain target. 

 

 
Table 2. Saliva and DBS serologic test concordance for detection of SARS-CoV-2 infection among study participants, by specimen 
collection timepoint, US Naval Academy, Annapolis, Maryland, USA, August 2020–May 2021* 

Serologic test 
Aug 2020, n = 41  Dec 2020, n = 47  May 2021, n = 55 

DBS-negative DBS-positive  DBS-negative DBS-positive  DBS-negative DBS-positive 
Spike IgG† 
 Saliva-negative 31 (75.6) 5 (12.2)  37 (78.7) 5 (10.6)  0 2 (3.6) 
 Saliva-positive 1 (2.4) 4 (9.8)  0 5 (10.6)  0 53 (96.4) 
 Kappa coefficient 
(95% CI) 

0.49 (0.15–0.83)  0.61 (0.32–0.91)  N/A 

 Observed 
agreement 

0.85  0.89  0.96 

Nucleocapsid IgG‡ 
 Saliva-negative 37 (90.24) 1 (2.4)  40 (85.1) 2 (4.3)  23 (41.8) 5 (9.1) 
 Saliva-positive 1 (2.4) 2 (4.9)  1 (2.1) 4 (8.5)  5 (9.1) 22 (40.0) 
 Kappa coefficient 
(95% CI) 

0.64 (0.18–1.00)  0.69 (0.36–1.00)  0.64 (0.43–0.84) 

 Observed 
agreement 

0.95  0.94  0.82 

*Sample restricted to participants with both DBS and saliva specimens available. Values are no. (%) except as indicated. DBS, dried blood spot. 
†Receptor-binding domain target for salivary assay. 
‡Salivary nucleocapsid IgG positivity defined as receptor-binding domain IgG and nucleocapsid IgG positivity. 
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showed evidence of SARS-CoV-2 infection based on 
spike IgG values in DBS.

Among the participants who were serologically 
negative for SARS-CoV-2 at enrollment, 18 seroconver-
sions were detected in saliva, 19 were detected in DBS, 
and 19 were detected by PCR by the end of follow-up 
(Table 1); however, at V4 (postvaccination), addition-
al cases were detected by DBS and saliva that were 
missed by PCR testing. One participant had a positive 
PCR result before a serologic result; the PCR test was 
conducted in August 2020, and the participant had no 
record of seroconversion through the end of the study.

By V4, 100% of remaining participants were spike 
IgG seropositive, and 49.1% of remaining participants 
with both DBS and saliva seroconverted to nucleo-
capsid IgG as evaluated by DBS (Table 2). Among 
participants with both DBS and saliva samples (n = 
55), spike IgG results had an observed agreement of 
0.85 and a κof 0.49 (95% CI 0.15–0.83) at V1. By V2 the 
observed agreement rose to 0.89 and κ to 0.61 (95% 
CI 0.32–0.91); by V4 the observed agreement reached 
0.96. Nucleocapsid IgG results had an observed 
agreement of 0.95 and a κof 0.64 (95% CI 0.18–1.00) 
at V1 (Table 2). At V2 the observed agreement was 
0.94 and κ was 0.69 (95% CI 0.36–1.00), and by V4 the 
observed agreement was 0.82 and κ was 0.64 (95% CI 
0.43–0.84).

Spike IgG MFI in saliva and DBS were signifi-
cantly correlated at all 3 timepoints (Figure 1); high 
spike IgG values at V4 were consistent with the par-
ticipants receiving vaccinations in March–April 2021. 
Nucleocapsid IgG MFI in saliva and DBS also were 
significantly correlated at all 3 timepoints (Figure 2).

Conclusions
This study, conducted among a population of midship-
men at USNA in the first year of the COVID-19 pan-
demic, employed blood and saliva collection at mul-
tiple visits to evaluate the validity of salivary antibody 
surveillance. We observed concordance between DBS 
and saliva for the detection of spike and nucleocapsid 
IgG, and both biospecimen types were similar to RT-
PCR for detection of cases. We noted that all vaccinees 
mounted a spike IgG response in DBS by V4, consistent 
with the known immunogenicity of these vaccines, but 
only 49.1% vaccinees had detectable nucleocapsid IgG 
at V4, indicating a substantive SARS-CoV-2 infection 
attack rate in the first half of 2021.

This assessment of SARS-CoV-2 detection in a 
congregate setting can help inform approaches for 
detection of SARS-CoV-2 in populations before and 
after vaccination. Prior evidence shows that PCR 
testing is an efficient method of infection control in  

congregate communities if administered regularly but 
that asymptomatic cases may still be undetected (12). 
These findings may apply to surveillance for other re-
spiratory infections, such as influenza. A limitation to 
this study was the inability to directly match RT-PCR 
testing with blood and saliva collection, small sample 
size with paired samples, and loss to follow-up after 
the end of the academic year.

In summary, this assessment supports using sa-
liva testing as a less invasive, more feasible surveil-
lance method for monitoring changes in disease prev-
alence and susceptibility in large populations. Future 
directions include validation of alternative antibody 
targets, in both serum and saliva, which can discrimi-
nate antibody prevalence in the context of preexisting 
vaccination and postinfection hybrid immunity.
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Figure 1. Quantitative comparison of spike IgG in saliva and dried 
blood spots among 79 study participants, US Naval Academy, 
Annapolis, Maryland, USA, December 2020–May 2021.

Figure 2. Quantitative comparison of nucleocapsid IgG in saliva 
and dried blood spots among 79 study participants, US Naval 
Academy, Annapolis, Maryland, USA, December 2020–May 2021. 
N, nucleocapsid.
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In 2010, cholera, caused by the bacterium Vibrio chol-
erae, was introduced into Haiti, resulting in >800,000 

cases and >10,000 deaths (1,2). Case incidence peaked 
in 2012, then decreased, and the last case of confirmed 
cholera was reported in February 2019 (3). More than 
3 years later, in October 2022, cholera was again de-
tected in Haiti, and that outbreak is ongoing (4,5).

The response to cholera in Haiti and globally 
has been hampered by inaccuracies in estimating 
the actual prevalence of disease (6). In resource-lim-
ited settings where infectious diseases surveillance 
systems and laboratory capacity are limited, clinical 
case count–guided public health interventions can be 
suboptimal because of limitations in the accuracy of 
clinical case definitions (7). More accurate estimates 
of cholera disease prevalence and transmission dy-
namics are key for guiding and monitoring control 
efforts. Serosurveillance represents a promising tool 
to address the limitations of clinical surveillance 
(8,9). However, seroepidemiologic data are lacking 
from settings like Haiti where cholera has resurged. 

In 2017, we conducted a seroepidemiologic survey 
to measure the prevalence of cholera in Haiti dur-
ing the waning phase of the first cholera epidemic in 
that country.

The Study
This study was conducted as part of a campaign to 
control and eliminate cholera transmission in 2 com-
munities in Haiti. The first, Cerca-la-Source, is a ru-
ral, mountainous community of ≈50,000 persons. The 
second, Mirebalais, is an urban commune of ≈100,000 
persons. Both communities are located in the Centre 
Department of Haiti, a historically underserved and 
particularly impoverished region of the country. 

We conducted a census of both communities. Dur-
ing the census, a subset of households was invited to 
participate in a household survey and a serologic sur-
vey at fixed sampling intervals during March–August 
2017 (Appendix Table 1, https://wwwnc.cdc.gov/
EID/article/29/9/23-0401-App1.pdf). Trained study 
enumerators implemented study procedures in their 
native language of Haitian Creole; the procedures in-
cluded surveys to measure self-reported sociodemo-
graphic and cholera risk factors.

We obtained dried blood spots from consent-
ing adults >18 years of age and shipped them to a 
laboratory in Boston, Massachusetts, USA, where 
we performed vibriocidal assays by using a drop-
plate method from dried blood spots specimens, as 
described previously (10), except we used Advance 
Dx100 Serum Separator cards (Advance Dx, Inc., 
https://adx100.com) instead of the cards used in that 
study. We used target V. cholerae strains 19479 El Tor 
Inaba and X25049 El Tor Ogawa.

To ensure estimates were representative of the 
populations of Mirebalais and Cerca-la-Source, we 
used a raking procedure to apply survey weights on 
the basis of the population distribution of age, sex, 
and communal sections from the census in those 
regions. We used a random intercept to account for 
clustering by household. The primary outcome was 
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In Haiti in 2017, the prevalence of serum vibriocidal anti-
body titers against Vibrio cholerae serogroup O1 among 
adults was 12.4% in Cerca-la-Source and 9.54% in Mire-
balais, suggesting a high recent prevalence of infection. 
Improved surveillance programs to monitor cholera and 
guide public health interventions in Haiti are necessary.
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the overall seroprevalence (either Ogawa or Inaba) 
of vibriocidal antibody responses against V. cholerae 
for each community. We defined seropositivity as a 
vibriocidal antibody response titer threshold of >320 
on the basis of the best available evidence, a recent 
study in Bangladesh that estimated that a vibriocid-
al modal titer of 320 had a sensitivity of 80.6% and 
specificity of 83.0% for infections within the preced-
ing year (9). We also calculated serotype-specific 
seroprevalence estimates for each region. For po-
tential risk factors for seropositivity, we provided 
descriptive statistics, weighted seroprevalence esti-
mates, and 95% CIs (for categorical variables) and 
odds ratios (ORs) with 95% CIs. We calculated ORs 
by using univariable logistic regression followed by 
multivariable logistic regression analysis, including 
only those risk factors associated with cholera at a 
significance level of p<0.20 in univariable analysis. 
We conducted analyses using the survey package 
in R 4.2.2 (The R Project for Statistical Computing, 
https://cran.r-project.org) (11).

The study was approved by the Partners 
Healthcare Institutional Review Board (protocol 
2016P002781) and the Zanmi Lasante Institutional Re-
view Board (protocol ZL IRB ID AK). All study par-
ticipants provided written informed consent.

Overall, we enrolled 265 (27.6%) of 960 invited 
households in the study. Samples from 48 house-
holds were lost during tumultuous sociopolitical 
events, resulting in samples from 217 households 
available for analysis: 99 households with 156 per-
sons in Cerca-la-Source and 118 households with 
121 persons in Mirebalais.

We analyzed unweighted demographic charac-
teristics for the census population and for serosur-
vey participants (Table 1). Serosurvey participants 
were representative of the census population. The 
weighted seroprevalence of V. cholerae was 12.4% 
(95% CI 6.76%–20.0%) in Cerca-la-Source and 9.54% 
(95% CI 4.91%–16.0%) in Mirebalais (Table 2). We 
analyzed the frequency distribution of vibriocidal 
antibody titers for both serotypes (Figure). Only 4 
of 277 persons reported having received oral cholera 
vaccine, consistent with the fact that no major public 
health oral cholera vaccine campaign had been un-
dertaken in those regions before sample collection.

We calculated seroprevalence estimates for po-
tential risk factors for cholera (Appendix Table 2). 
Seropositivity varied across multiple subgroups; 
however, 95% CIs were wide. Only the poverty like-
lihood index (OR 2.33, 95% CI 0.93–5.84) and report-
ing having an unimproved toilet compared with 
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Table 1. Unweighted demographic characteristics of Vibrio cholerae serosurvey participants compared with census participants in 2 
communities, Centre Department, Haiti, March–August 2017* 

Characteristic 
Cerca-la-Source 

 
Mirebalais 

Census† Serosurvey Census† Serosurvey 
Total no. 24,500 156  45,365 121 
Sex      
 M 12,157 (49.6) 74 (47.4)  21,397 (47.2) 56 (46.3) 
 F 12,343 (50.4) 82 (52.6)  23,968 (52.8) 65 (53.7) 
Mean age (SD) 37.1 (16.4) 42.3 (16.1)  37.1 (16.3) 44.6 (16.8) 
Age group, y      
 18–30 11,162 (45.6) 47 (30.1)  20,700 (45.6) 31 (25.6) 
 31–40 4,899 (20.0) 29 (18.6)  9,214 (20.3) 25 (20.7) 
 41–50 3,728 (15.2) 32 (20.5)  6,519 (14.4) 25 (20.7) 
 >50 4,711 (19.2) 48 (30.8)  8,932 (19.7) 40 (33.1) 
Communal section 

  
 

  

 1st Acajou Bruler 9,298 (38.0) 51 (32.7)  NA NA 
 2nd Acajou Bruler 7,952 (32.5) 59 (37.8)  NA NA 
 3rd Lamielle (Cerca-la-Source) 7,250 (29.6) 46 (29.5)  NA NA 
 3rd Grand Boucan NA NA  26,202 (57.8) 67 (55.4) 
 6th Sarazin NA NA  19,163 (42.2) 54 (44.6) 
*Values are no. (%) except as indicated. NA, data not applicable for this category. 
†Census only includes persons >18 years of age because that was the population included in the serosurvey. 
 

 
Table 2. Weighted seroprevalence based on vibriocidal antibody titers in Vibrio cholerae serosurvey participants in 2 communities, 
Centre Department, Haiti, March–August 2017* 

Strain 

Cerca-la-Source 

 

Mirebalais 
No. 

tested 
No. 

positive 
% Seroprevalence 

(95% CI) 
No. 

tested 
No. 

positive 
% Seroprevalence 

(95% CI) 
Either Ogawa or Inaba 156 16 12.4 (6.76–20.0)  121 12 9.54 (4.91–16.0) 
Ogawa only 156 14 9.73 (5.38–16.0)  121 11 8.75 (4.28–15.0) 
Inaba only 156 2 2.69 (0.49–8.00)  121 3 2.73 (0.57–7.00) 
*Based on a vibriocidal antibody assay positivity threshold titer of 320. Weights were computed as the inverse probability of selection and adjusted so that 
the marginal distribution of age group, sex, and communal section agreed with those from census estimates. 
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open defecation (OR 0.26, 95% CI 0.04–1.53) met our 
predetermined p value threshold for inclusion into a 
multivariable model, so we did not perform multi-
variable analysis.

Conclusions
The vibriocidal antibody is a complement-dependent, 
bactericidal antibody directed against the lipopoly-
saccharide O-antigen of V. cholerae and is the best 
characterized immunologic marker of recent expo-
sure to cholera. However, there is no widely agreed-
upon threshold to quantify exposure over a given 
period, and our understanding of the relationship 
between symptom severity and antibody kinetics is 
limited. In the study from Bangladesh, a vibriocidal 
titer of >320 was the best marker of infection in the 
preceding year (9).

Limited serologic data on V. cholerae are available 
from Haiti. One prior serosurvey, conducted during 
March–April 2011, within the first 6 months of the on-
set of the epidemic in the Artibonite Department of 
Haiti, estimated that 39% of persons had a vibriocidal 
titer >320, whereas 64% had titers >80, which sug-
gested extensive infection and was consistent with 
high early case counts (12).

The findings from this study should be inter-
preted considering several limitations. Only adults 
>18 years of age in 1 department of Haiti partici-
pated, so the data cannot be directly extrapolated 
to younger age groups and other regions; however; 
during 2017–2018, that department was the most af-
fected according to case counts (13). We were unable 
to account for uncertainty in vibriocidal assay per-
formance characteristics. Ideally, seroprevalence es-
timates should integrate data on the local sensitivity  

and specificity of a serologic assay, which are not 
available for Haiti (14). Last, the survey was cross-
sectional and did not account for temporal waning 
of serologic markers.

In summary, in 2017, the seroprevalence of V. 
cholerae vibriocidal antibodies was 12.4% in Cerca-la-
Source and 9.54% in Mirebalais in Haiti, suggesting 
a high rate of recent infection even at a time when 
case incidence was declining. Although commune-
level incidence data were not available for direct 
comparison, in 2017, the reported annual incidence 
for the Centre Department, where Cerca-la-Source 
and Mirebalais are located, was 4.3 cases/1,000 in-
habitants, which offers a general frame of reference 
(13,15). Those findings inform our understanding of 
cholera epidemic dynamics in Haiti, which is now 
experiencing a resurgence of cholera after nearly 3 
years without a confirmed case. Our results demon-
strate a higher-than-expected disease prevalence and 
suggest the need for improved surveillance to moni-
tor cholera and guide public health interventions, 
especially during the waning phase of outbreaks.
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Figure. Serosurvey participants 
with vibriocidal antibody titers 
for Ogawa (A) and Inaba (B) 
Vibrio cholerae serotypes 
in 2 communities, Centre 
Department, Haiti, March–
August 2017. Samples came 
from 217 total households, 
99 (156 persons) in Cerca-la-
Source and 118 (121 persons) in 
Mirebalais. All participants were 
adults >18 years of age.
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Here is a clue: He played a key role in containing 
the spread of severe acute respiratory syndrome.

A) Ronald Ross
B) David Bruckner

C) Carlo Urbani
D) Li Wenliang

E) Norman Edward Shumway

Decide first. 
Then see next page for the answer.

Who is this person?
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This is a photograph of Carlo Urbani (1956–2003), 
who was a communicable disease expert for the 

World Health Organization (WHO) in Hanoi, Viet-
nam. In 2003, he identified what later became known 
as SARS and alerted WHO and colleagues elsewhere 
about his concerns. The disease was originally charac-
terized as pneumonia of unknown origin. 

Dr. Urbani was born in Castelplanio, Ancona, Ita-
ly, on October 19, 1956. In 1981, he graduated from the 
University of Ancona with a degree in medicine and 
surgery and, subsequently, specialized in infectious 
and tropical diseases at the University of Messina. He 
worked as a general practitioner and began organiz-
ing trips abroad to help poor populations, especially 
in Africa. In 1993, he became a WHO consultant for 
control of parasitic diseases and conducted numer-
ous missions in Africa. In 1996, he was appointed as 
a coordinator of a Médecins Sans Frontières (MSF, of 
which he was a member) project designed to control 
parasitic diseases in Cambodia and lived with his en-
tire family in Phnom Penh until 1997. After return-
ing to Italy, he resumed his work as assistant director 
of the Department of Infectious Diseases at Macerata 
Hospital, was increasingly involved in MSF mis-
sions, and became a WHO consultant for the Western 
Pacific area. In 1999, he was appointed president of 
MSF Italia and was a member of the delegation that 
received the Nobel Peace Prize in Oslo, Norway, that 
same year. 

In 2000, Dr. Urbani made a decision that changed 
his life; he declined the directorship at Macerata 
Hospital and accepted an appointment as a WHO 
expert for the Western Pacific region. He left Italy 
and moved to Hanoi, Vietnam. Highly aware of the 
importance of this appointment, which enabled him 
to assist countries in the region with their efforts to 
control parasitic diseases, he traveled frequently on 
missions to critical areas in China, Laos, Cambodia, 
and the Philippines.

Dr. Urbani was the first WHO doctor to identi-
fy SARS in Vietnam, which occurred in a business-
man from America who was hospitalized in Hanoi 
in 2003. SARS cases had been identified earlier in 
Guangdong Province, China, and exported cases led 
to hospitalizations in Hong Kong before the first case 
in Vietnam. One of those patients was hospitalized 
in Hong Kong on February 17, 2003, after returning 
from Guangdong Province and had infected close 
contacts, including healthcare workers and a doctor 
from that province; the doctor was admitted to an in-
tensive care unit with severe pneumonia on February 
22. On February 28, 2003, Dr. Urbani was notified by 
the Hanoi French Hospital about a patient who was 
hospitalized with atypical pneumonia. He visited 
the hospital on Monday, March 3, and realized that 
he was facing a new, severe, and highly contagious 
disease. He learned that the patient from the United 
States had recently stayed at a Hong Kong hotel, 
where other guests had also been infected; this con-
nection represented the beginning of the international 
spread of the virus.

Several sources in the scientific literature have 
indicated that Dr. Urbani understood the situation 
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Carlo Urbani 

was critical not only for the hospital staff but also for 
the entire community because of further contagion 
risk. However, no one (including Dr. Urbani) would 
have likely concluded that the situation was critical 
for the entire community merely from examining the 
index patient in Vietnam. Indeed, a sporadic case of 
severe pneumonia in a healthy adult would not raise 
the alarm of an impending global pandemic, which 
was what SARS actually became, although it was 
fortunately contained by rapid and vigorous inter-
vention from WHO. What would have alerted Dr. 
Urbani to the unusual nature of this disease was the 
anomalous cluster of severe pneumonia cases that 
occurred after the index case, especially in young 
healthcare workers.

Dr. Urbani alerted the government and WHO 
about the gravity of the situation and possible 
risks, urging prompt implementation of measures 
necessary to prevent disease transmission. All in-
fected patients with pneumonia in the Hanoi hos-
pital were isolated, infection control measures were 
implemented, and the hospital was cordoned off by 
security guards. On Sunday, March 9, 2003, Dr. Ur-
bani and a WHO representative, Pascale Brudon, 
called for urgent action against the dangerous new 
illness, and the Vice Minister of Health in Vietnam 
immediately assigned a local team to review the 
situation at the Hanoi French Hospital. A crucial 
decision was the appointment of 2 experts to help 
investigate and control the outbreak: Hitoshi Os-
hitani, WHO’s regional adviser for Communicable 
Disease Surveillance and Response, arrived on 
March 10 to head the WHO team, and Tim Uyeki, 
an influenza expert from the US Centers for Dis-
ease Control and Prevention (CDC), arrived on  
March 11.

On March 11, while flying from Hanoi to Bang-
kok, Thailand, Dr. Urbani noticed that he had what 
he believed to be the first symptoms of SARS. Upon 
his arrival at the Bangkok airport, he warned col-
leagues who had come to pick him up to keep their 
distance and asked to be immediately placed in 
hospital isolation. He asked Scott Dowell from the 
CDC’s Emerging Infections Program to take 2 swab 
samples to ensure a good sample was obtained, 
which became a source of some of the first CDC iso-
lates of SARS-CoV, the cause of SARS.

In Hanoi, Ms. Brudon, Dr. Oshitani, and Dr. 
Uyeki held an emergency meeting on March 12 
with the Vietnam Vice Minister of Health and 
the director of the National Institute of Hygiene 
and Epidemiology to discuss recommendations 
for controlling the outbreak. On March 15, WHO  

declared that the disease identified by Dr. Urbani 
was a world health threat, and Ms. Brudon per-
suaded local authorities to adopt adequate quar-
antine measures and close the country’s ports 
and borders to curb virus spread. Over the next 
days, specialists in epidemiology from around the 
world, including CDC, traveled to Hanoi to join the  
WHO Vietnam SARS team to help contain and 
study the outbreak.

On March 29, 2003, after 19 days in isolation, 
Dr. Urbani died. His dedication to science prompted 
him to authorize samples of his lung tissues to be 
collected postmortem and used for research purpos-
es. Dr. Urbani was 1 of ≈80 persons in Vietnam, in-
cluding many healthcare workers, whose SARS-CoV 
infections were linked back to the businessman from 
the United States. At the end of the outbreak, 774 
deaths were attributed to SARS worldwide.

The fact that Dr. Urbani immediately reported 
the first outbreak of SARS in Vietnam was of fun-
damental importance not only to the local com-
munity but also worldwide. His timely action en-
abled prompt global surveillance of SARS cases, 
which meant that many patients were identified 
and isolated before hospital staff could be infected 
and, above all, before the outbreak of SARS could 
snowball into a pandemic, which occurred in 2020 
for SARS-CoV-2. On April 8, 2003, UN Secretary 
General Kofi Annan said, “Dr. Carlo Urbani dedi-
cated his life to helping protect and save the lives of 
others. It was characteristic of his vigilance, profes-
sionalism, and expertise that he was instrumental 
in ensuring an early response by the international 
community to SARS. Had it not been for his recog-
nition that the outbreak of the virus was something 
out of the ordinary, many more would have fallen 
victim to SARS. It was the cruelest of ironies that 
he lost his own life to SARS while seeking to safe-
guard others from the disease. Dr. Urbani leaves an 
inspiring legacy in the United Nations family and 
the global public health community. For his contri-
bution on the front lines of the fight against disease, 
he will be remembered as a hero in the best and tru-
est sense of the word.”
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Emergence of increased group A Streptococcus 
(GAS) disease, initially expressed as activity 

of scarlet fever in childhood, has been observed in  

multiple countries; some countries reported the toxi-
genic M1UK clone (1–3). A report from the Nether-
lands suggested an increase in GAS meningitis cases, 
mainly from the toxicogenic M1UK lineage (4). This in-
crease is likely result of the rise in invasive GAS infec-
tions (5), because ≈1% of invasive GAS manifests as 
meningitis (6). However, it is unclear if this outbreak 
differs clinically from previous sporadic cases, as ac-
knowledged by van der Putten et al. (4). To address 
this limitation, we compared all cases of GAS men-
ingitis in adults in Denmark during 2015–2022 with 
cases during the outbreak, October 2022–April 2023.

The Danish Study Group for Infections of the 
Brain (DASGIB) has performed active, real-time na-
tionwide surveillance of community-acquired bacte-
rial meningitis in adults (>18 years of age) since Janu-
ary 1, 2015, as described previously (7). In brief, data 
on demographics, comorbidities, clinical signs and 
symptoms, microbiology and biochemical examina-
tions, radiology, treatment, and outcome are aggre-
gated in an online platform. The legal department of 
the North Denmark Region (record no. 2023-012693) 
and the Danish Board of Health (record nos. 3-3013-
2579/1 and 3-3013-3168/1) approved the DASGIB 
database. Patient consent or permission from an ethi-
cal committee is not required.

For this study, a definition of GAS meningitis re-
quired (7) clinical symptoms suggestive of bacterial  
meningitis (e.g., headache, neck stiffness, fever,  
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We report a 21-fold increase in group A Streptococcus 
meningitis in adults in Denmark during October 13, 2022–
April 12, 2023, concurrent with an outbreak of invasive 
streptococcal disease. We describe clinical characteris-
tics of the outbreak cases and prognosis for patients in 
comparison to those for previous sporadic cases.

Figure. Incidence of community-acquired group A Streptococcus meningitis in adults in winter periods (October–March) and summer 
periods (April–September), Denmark, January 1, 2015–2023, illustrating outbreak during October 13, 2022–April 12, 2023.



altered mental status) and either of the following crite-
ria: positive culture or bacterial DNA/antigen analy-
sis of cerebrospinal fluid (CSF); positive blood culture 
and CSF leukocytes >10 × 106 cells/L; or culture- 
confirmed otitis or mastoiditis and CSF leukocytes >10 
× 106 cells/L. Incidence was computed as no. cases/no. 
adults in Denmark during each study period.

During January 1, 2015–October 12, 2022, we 
observed a total of 8 cases of GAS meningitis, cor-
responding to a mean of 0.11/1 million adults/6 
months (Figure). Because of the increase in invasive 
GAS in Denmark beginning in October 2022 (8), we 
then assessed the incidence of GAS meningitis dur-
ing October 13, 2022–April 12, 2023. We observed 11 
cases of GAS meningitis in adults, corresponding to 
2.32/1 million/6 months, an increase in incidence by 
a factor of 21. The diagnosis was confirmed by culture 
in 9 patients, whereas it was established by PCR in 2 
patients for whom antimicrobial treatment began be-
fore lumbar puncture. We examined isolates of emm-
1.0 type in 4 cases, emm-12.0 in 2 cases, and emm-87.0 
in 1 case; isolate type was not available in 2 cases.

Patients with GAS meningitis had lower Glasgow 
Coma Scale scores at admission and higher CSF leu-
kocyte counts in the last 6 months of the study than 
overall (Table); otherwise, clinical characteristics and 
prognosis did not differ between the 2 study peri-
ods. We observed a high percentage of patients with 
streptococcal infection in the upper respiratory tract 

(Table). We observed 2 serious complications, endo-
phthalmitis (1 case) and subdural empyema (1 case), 
but no increase in deaths in the second study period.

We conclude that in October 2022–April 2023, an 
outbreak of GAS meningitis occurred in Denmark, 
showing a 21-fold increase in incidence compared 
with the baseline in previous years. The baseline 
incidence agrees with earlier findings in Denmark 
(9). Our case definition included cases confirmed by 
positive PCR of CSF, positive blood cultures or other 
cultures combined with CSF pleocytosis, and clini-
cal manifestations of bacterial meningitis, in addition 
to positive CSF culture, which may explain why our 
incidence is higher than that recently reported for 
adults from the Netherlands (4).

The rise in invasive GAS infections was initially 
seen in children (5), but our study indicates an in-
crease of severe infections in adults as well. The 
toxicogenic emm-1.0 type is currently the predomi-
nant strain in Denmark (8) and other countries (4,5). 
However, we found no differences in clinical charac-
teristics or prognosis for GAS meningitis during this 
surge compared with those of previous years.
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Table. Characteristics of adults with community-acquired group A streptococcal meningitis, Denmark, 2015–2023 
Characteristic  Jan 1, 2015–Oct 12, 2022 Oct 13, 2022–Apr 13, 2023 p value† 
Total no. cases 8 11  
Age 57 (35–66) 58 (40–69) 0.53 
Sex, no. (%)    
 M 5 (62) 7 (64)  
 F 3 (38) 4 (36) 1.0 
Comorbidity, no. (%) 0 4 (36) 0.09 
Duration of symptoms, d 5.5 (1–7) 2 (1–4) 0.35 
Glasgow Coma Score‡  15 (15–15) 13 (11–15) 0.01 
Temperature 37.7 (37.0–39.0) 39.1 (37.7–39.4) 0.23 
Systolic blood pressure 131 (113–136) 125 (119–125) 0.25 
Ear-nose-throat focus, no. (%) 7 (88) 9 (82) 1.0 
C-reactive protein, mg/L 305 (228–367) 216 (105–313) 0.46 
Time until lumbar puncture, h 3.0 (1.8–3.6) 2.2 (1.6–7.8) 0.85 
CSF leukocytes, 106 cells/L 111 (40–385) 1,726 (534–3,990) 0.03 
CSF protein, g/L 1.7 (0.7–3.2) 1.6 (0.9–2.6) 0.79 
CSF culture positive, no. (%) 3 (38) 3 (27) 1.0 
Bacteremia, no. (%) 5 (63) 7 (64) 1.0 
Time until antimicrobial drugs, h 3.7 (1.7–7.0) 4.4 (0.3–12.3) 0.95 
Dexamethasone, no. (%) 8 (100) 8 (73) 0.23 
Intensive care unit stay, no. (%) 4 (50) 7 (64) 0.66 
Progressive or new neurologic deficits, no. (%) 3 (38) 1 (9) 0.26 
Seizures, no. (%) 2 (25) 1 (9) 0.55 
Septic shock, no. (%) 3 (38) 1 (9) 0.26 
Death, no. (%) 1 (13) 1 (9) 1.0 
*Values are median (IQR) except as indicated. CSF, cerebrospinal fluid; IQR, interquartile range. 
†p value determined by Fisher exact test for categorial variables and Mann-Whitney rank sum test for continuous variables. 
‡Glasgow Coma Score based on eye opening (1–4), verbal response (1–5) and motor response (1–6), maximum 15 points. 
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Palau is a Pacific Island country that has a popu-
lation of ≈17,500 persons (1). This country has a 

small health system, remote location, and high preva-
lence of chronic disease (2), which made it excep-
tionally vulnerable to the effects of COVID-19. Palau 
took extraordinary steps to prevent the introduction 
of SARS-CoV-2 by initially closing borders in March 
2020 and later transitioning to strict testing and quar-
antine procedures. The country also expanded test-
ing capacity, maximized vaccinations, and acquired 
novel COVID-19 therapeutics.

In July 2021, Palau discontinued its mandatory 
travel quarantine after 95% of the population >18 
years of age were fully vaccinated against COVID-19. 
Limited SARS-CoV-2 infections were soon identified 
in travelers, but no cases of community transmission 
were documented until January 13, 2022, when com-
munity transmission of SARS-CoV-2 (Omicron BA.1.1) 
was confirmed. At that time, 98% of the eligible pop-
ulation was fully vaccinated and 31% had received a 
booster vaccination within the previous 2 months.

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 29,  No. 9, September 2023 1939

RESEARCH LETTERS

Palau had no reported evidence of COVID-19 commu-
nity spread until January 2022. We chart reviewed hos-
pitalized patients who had a positive SARS-CoV-2 test 
result during early community transmission. Booster 
vaccinations and early outpatient treatment decreased 
hospitalizations. Inadequate hospital infection control 
practices contributed to iatrogenic COVID-19 and pre-
ventable deaths.



Cases increased rapidly (859 in the first 2 weeks), 
and the first known COVID-19 related hospitaliza-
tion occurred on January 20, 2022. Rapid antigen 
testing was offered at a central location and rurally 
by mobile teams. The Community COVID-19 Care 
Center (C4) was established to immediately evaluate 
patients who tested positive for SARS-CoV-2 and, if 
indicated, provided a novel COVID-19 therapeutic 
(monoclonal antibody sotrovimab or antiviral drugs 
molnupiravir or nirmatrelvir/ritonavir) as outpa-
tient treatment. Persons who had abnormal vital 
signs or severe symptoms were referred to the emer-
gency department.

At Belau National Hospital, the only hospital in 
Palau, all patients were tested for COVID-19 at admis-
sion, and periodic surveillance testing was conducted 
on patients admitted for non–COVID-19 health con-
ditions. We examined characteristics of all hospital-
ized patients who had a positive SARS-CoV-2 test re-
sult during the early surge of COVID-19 community 
transmission, January 13–February 24, 2022. During 
that period, Palau identified 3,656 patients who had 
SARS-CoV-2 infection; 57 (1.6%) were hospitalized. 
We abstracted patient information on demographics, 
concurrent conditions, vaccination status, oxygen re-
quirement, treatment, and disposition.

Of the 57 hospitalized patients, more were fe-
male (32 [56%]) than male (25 [44%]) ; 28 (49%) were 
>65 years of age. Four (7%) patients were children <5 
years of age, including 1 infant born to a mother who 
had COVID-19 and who tested positive on the first 
day of life. Fifty-two (91%) patients had >1 known 
medical condition, putting them at risk for severe 
COVID-19 (3); 29 (51%) patients had >4 risk factors 
(>65 years of age or medical conditions), putting 
them at higher risk for severe COVID-19. The 5 (9%) 
patients who did not have concurrent conditions 
were the 4 hospitalized children and 1 adult (30–40 
years of age).

Twenty-seven (47%) hospitalized patients were 
unvaccinated or incompletely vaccinated (5 patients 
had partial primary vaccination; 4 patients were in-
eligible for vaccination because they were <5 years 
old). Twenty (35%) patients had completed their pri-
mary vaccination but had not received an appropriate 
booster (15 patients were eligible for a booster at the 
time of COVID-19 diagnosis). Ten (18%) had com-
pleted their primary vaccination with an appropriate 
booster (>14 days before COVID-19 diagnosis).

Eighteen (32%) patients required oxygen sup-
plementation during hospitalization. Of those, 4 
required high-flow nasal cannula; all were unvac-
cinated. Although some patients met criteria for  

intubation, none were mechanically ventilated be-
cause of their goals of care.

Seven patients died during hospitalization; 1 
death was deemed not related to COVID-19 disease 
and excluded from the death analysis. Of the 6 (11%) 
COVID-19 related deaths, 4 (67%) patients were un-
vaccinated and 2 (33%) had completed primary vac-
cination but had not received an appropriate booster. 
All patients who had COVID-19–related deaths had 
>2 risk factors for developing severe disease. All re-
quired oxygen supplementation.

A total of 29 (50%) patients were hospitalized pri-
marily because of COVID-19 pneumonia; 3 of those 
patients died. Ten patients received remdesivir dur-
ing their admission. Only 1 patient who received 
treatment from the C4 returned for admission be-
cause of worsening symptoms; that patient survived.

A total of 20 (35%) patients were determined to 
have hospital-acquired SARS-CoV-2 infection be-
cause they tested negative on admission but later 
tested positive during their hospitalization. Three of 
those patients died. Eight of the hospital-acquired in-
fections were long-term hospital admissions (Palau 
has no skilled nursing facilities); 5 patients were un-
vaccinated, and 1 died.

This analysis characterized hospitalized pa-
tients who had SARS-CoV-2 infections in a recently 
exposed Pacific Islander population that had high 
rates of chronic illness but excellent COVID-19 im-
munization coverage and good access to testing 
and COVID-19 therapeutics. Booster vaccinations 
appear protective because the risk for hospitaliza-
tion with COVID-19 was crudely estimated to be 
18.6 times higher for unvaccinated persons than for 
persons who had completed primary vaccination 
and an appropriate booster. There were no deaths 
for any of the COVID-19 patients who received 
novel COVID-19 therapeutics at the C4, suggesting 
that therapy at time of diagnosis provided addi-
tional protection against severe disease. The large 
proportion of hospital-acquired infections and sub-
sequent preventable deaths highlighted inadequate 
infection control practices and motivated revision 
of hospital protocols.
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Parapoxviruses (PPVs) usually cause contagious 
skin infections in ruminants and occasionally 

infect other species such as humans (1). The genus 
Parapoxvirus encompasses the following recognized 
species: Orf virus, bovine papular stomatitis virus, 
pseudocowpoxvirus, red deerpox virus, and grey 
sealpox virus (GSEPV) (2). All of those, except GSEPV 
and deerpox virus, are zoonotic. PPV genomes are 
usually 130–140 kb (2). Recently, poxviruses have 
emerged in humans and horses (3,4).

A severe infection caused by a parapox-like vi-
rus (F14.1158H) was first verified from a horse eutha-
nized in Finland in 2013 (5). According to the short 
sequences (1.1 kb in total) obtained from envelope 
phospholipase (open reading frame [ORF] 011) and 
RNA polymerase subunit RPO147 (ORF056) genes, 
F14.1158H is most closely related to PPVs and is simi-
lar to the 585-bp sequences detected in lesions from 
humans after contact with horses and donkeys in the 
United States (5,6). However, the actual classification 
remained unclear because of limited sequence data 
and lack of amplification in numerous PPV PCR as-
says (5). No other clinical cases were confirmed un-
til 2022, when an epidemic of dermatitis emerged in 
horses across Finland. PPV infection was subsequent-
ly identified in several cases using pan-PPV PCR (7) 
and Sanger sequencing (Appendix, https://wwwnc.
cdc.gov/EID/article/29/9/23-0049-App1.pdf). Par-
tial ORF011 sequences were 97% identical to the se-
quences from the 2013 case, with identity of 79%–87% 
to other PPVs (Appendix Table). This finding high-
lighted the need to properly characterize F14.1158H.

To better characterize the virus, we analyzed 
DNA extracted directly from a skin lesion of the 
2013 equine case (5) and subjected it to next-gen-
eration sequencing with 2 different protocols (Ap-
pendix). The first protocol, relying on a pool of pox-
virus primers, was insufficient to acquire enough 
sequence data. With a PCR-free approach, using 
enrichment of the viral DNA, we acquired as much 
as 121 kb of nucleotide sequence, almost the full 
genome, with coverage values of ≈100 in 5 contigs 
(BioProject no. PRJNA922554; GenBank accession 
nos. OQ248663–7). We noted the overall guanine-
cytosine content to be 68.4%, which is similar to that 
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We report a sequencing protocol and 121-kb poxvirus 
sequence from a clinical sample from a horse in Finland 
with dermatitis. Based on phylogenetic analyses, the 
virus is a novel parapoxvirus associated with a recent 
epidemic; previous data suggest zoonotic potential. In-
creased awareness of this virus and specific diagnostic 
protocols are needed.
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Figure. Phylogenies of PPV isolate F14.1158H from a skin lesion of an infected horse in Finland, 2013. A) Grouping of F14.1158H 
among all the genera of the subfamily Chordopoxvirinae in a phylogenetic tree based on amino acid sequences of the DNA 
polymerase (ORF025) gene. B–D) Grouping of F141158H among the genus Parapoxvirus in phylogenetic trees based on 
the nucleotide sequences of the early transcription factor (ORF083) (B), RNA polymerase (ORF101) (C), and topoisomerase 
1 (ORF062) (D) genes. Bootstrap values >70% are shown next to the nodes. GenBank accession numbers are provided for 
reference sequences. MsEPV is used as an outgroup in panel A and SQPV and MOCV in panels B–D. Findings indicate that 
F14.1158H represents a novel PPV, designated EqPPV. CPXV, cowpox virus; CRV, crocodilepox virus; DPV, deerpox virus; 
EMCLV, equine molluscum contagiosum-like virus; EqPPV, equine PPV; FWPV, fowlpox virus; MOCV, molluscum contagiosum 
virus; MPXV, monkeypox virus; MsEPV, melanoplus sanguinipes entomopoxvirus; MYXV, myxoma virus; ORF, open reading 
frame; PPV, parapoxvirus; SPPV, sheeppox virus; SQPV, squirrelpox virus; SWPV, swinepox virus; VACV, vaccinia virus; YMTV, 
yaba monkey tumor virus.



of PPVs (2). We were unable to fully assemble and 
orient the data because we had no reference genome, 
a critical component in future investigations like 
ours. The lack of high-quality DNA and unsuccess-
ful virus isolation attempts (Appendix) further com-
plicated the sequencing process. In another study, 
researchers used a combination of short- and long-
read sequencing to recover the full genome of the 
GSEPV (8). However, with our clinical sample, the 
small amount of DNA available for sequencing led 
to an alternative approach.

We conducted phylogenetic analysis for the fol-
lowing poxvirus core genes (9) (ORF numbers desig-
nated according to PPV ORFs) (10): DNA polymerase 
(ORF025), early transcription factor (ORF083), DNA-
directed RNA polymerase subunit RPO132 (ORF101), 
and DNA topoisomerase type 1 (ORF062) (Fig-
ure). Consistent with earlier observations based on  

partial sequences of ORF11 and ORF056, F14.1158H 
grouped clearly closer to PPVs than other poxvi-
ruses (Figure, panel A), although distinctly separate 
from the 5 recognized species (Figure, panels B–D). 
We found the amino acid sequences to be more simi-
lar to PPV species than to other chordopoxviruses. 
For example, amino acid identity of DNA poly-
merase was 46%–60% between F14.1158H and virus-
es from other genera, 76%–80% between F14.1158H 
and PPVs, and 84%–95% among the previously rec-
ognized PPV species (Appendix Table 3). Within 
the PPVs, F14.1158H generally showed the second 
lowest pairwise nucleotide identity of the group 
(after the most divergent GSEPV) (Table); identi-
ties to other PPVs were 74%–83% (ORF025), 73%–
83% (ORF083), 78%–87% (ORF101), and 84%–91% 
(ORF062). GSEPV was consistently furthest from 
F14.1158H, whereas F14.1158H identities to other 
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Table. Nucleotide identity comparison between the PPV isolate F14.1158H and other PPVs and Molluscum contagiosum virus in 4 
selected core genes based on DNA extracted directly from a skin lesion of an infected horse in Finland, 2013* 

Core gene and virus 

% Identity 

Molluscum 
contagiosum 

(MC515) 
Grey 

sealpox 
Red 

deerpox 

Bovine 
papular 

stomatitis 
(AR02) 

Orf 
(UPM/HSN-

20) 
Orf 

(NZ2) 

Pseudo-
cowpox 

(F00.120R) 

Pseudo-
cowpox 
(VR634) 

DNA polymerase (ORF025) 
 Grey sealpox 62 NA NA NA NA NA NA NA 
 Red deerpox 68 79 NA NA NA NA NA NA 
 Bovine papular stomatitis (AR02) 68 79 86 NA NA NA NA NA 
 Orf (UPM/HSN-20) 69 79 87 87 NA NA NA NA 
 Orf (NZ2) 69 79 87 87 99 NA NA NA 
 Pseudocowpox (F00.120R) 69 79 87 87 94 94 NA NA 
 Pseudocowpox (VR634) 70 80 88 88 95 95 98 NA 
 F14.1558H 69 74 81 81 82 82 82 83 
Early transcription factor (ORF083) 
 Grey sealpox 65 NA NA NA NA NA NA NA 
 Red deerpox 73 80 NA NA NA NA NA NA 
 Bovine papular stomatitis (AR02) 74 80 90 NA NA NA NA NA 
 Orf (UPM/HSN-20) 73 79 88 89 NA NA NA NA 
 Orf (NZ2) 73 79 88 89 99 NA NA NA 
 Pseudocowpox (F00.120R) 74 80 90 91 95 95 NA NA 
 Pseudocowpox (VR634) 74 80 90 91 95 95 98 NA 
 F14.1558H 74 78 87 87 86 86 87 87 
RNA polymerase (ORF101) 
 Grey sealpox 73 NA NA NA NA NA NA NA 
 Red deerpox 79 84 NA NA NA NA NA NA 
 Bovine papular stomatitis (AR02) 80 85 93 NA NA NA NA NA 
 Orf (UPM/HSN-20) 80 86 93 93 NA NA NA NA 
 Orf (NZ2) 80 86 93 93 100 NA NA NA 
 Pseudocowpox (F00.120R) 80 86 92 94 97 97 NA NA 
 Pseudocowpox (VR634) 80 86 93 94 98 98 98 NA 
 F14.1558H 80 84 89 91 91 91 91 91 
Topoisomerase 1 (ORF062) 
 Grey sealpox 62 NA NA NA NA NA NA NA 
 Red deerpox 68 79 NA NA NA NA NA NA 
 Bovine papular stomatitis (AR02) 68 79 86 NA NA NA NA NA 
 Orf (UPM/HSN-20) 69 79 87 87 NA NA NA NA 
 Orf (NZ2) 69 79 87 87 99 NA NA NA 
 Pseudocowpox (F00.120R) 69 79 87 87 94 94 NA NA 
 Pseudocowpox (VR634) 70 80 88 88 95 95 98 NA 
 F14.1558H 69 74 81 81 82 82 82 83 
*Findings indicate that F14.1158H represents a novel PPV, designated equine PPV. NA, not applicable; ORF, open reading frame; PPV, parapoxvirus. 

 



PPVs were similar. A relatively high difference ex-
plains why F14.1158H was not detected by several 
PCRs designed for detecting PPV, which should be 
considered when designing diagnostic protocols. 
These phylogenetic results and sequence identities, 
together with the high guanine and cytosine content 
and disease characteristics, indicate that F14.1158H 
represents a novel PPV, designated equine parapox-
virus (EqPPV). The final taxonomic position and the 
possible differences of human and equine-derived 
variants (6) will require more data.

Most known PPVs are zoonotic, and any nov-
el virus detected in animals should be treated with 
concern (6). Thus, considering the tendency of PPVs 
to cause diseases in humans, EqPPV has a zoonotic 
potential. It is therefore important to sample humans 
and other animals in contact with infected horses. It 
is also critical to establish diagnostic protocols due 
to low specificity and sensitivity of pan-PPV PCR for 
EqPPV (Appendix). In terms of veterinary impor-
tance, this virus poses a threat for horses that could 
translate to financial losses for owners. The informa-
tion provided here will inform development of prop-
er diagnostic tools and also enable establishment of 
prevention measures.
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Rickettsioses are life-threatening vectorborne in-
fections transmitted by several arthropods, such 

as ticks, lice, fleas, and mites (1,2). Rickettsial dis-
eases are an emerging threat in Mexico, particularly 
in the northern regions, where previous outbreaks 
have been reported (3). In 2022, the local epidemio-
logic surveillance department reported 57 confirmed 

and >500 probable rickettsial disease cases in Nuevo 
Leon, a semiarid state in northeast Mexico. This un-
precedented and alarming increase represents the 
highest number of rickettsial disease cases in a single 
year in this region, showing significant contrast with 
2021, when only 13 confirmed cases were reported. 
Although surveillance and preventive measures are 
continuously in place, additional multidisciplinary 
strategies were established after the outbreak was de-
clared in May 2022.

The Mexican Institute of Epidemiology de-
fines a probable case of rickettsiosis as a patient 
with fever and ≥2 compatible clinical and labora-
tory signs. Technicians at the State Laboratory of 
Public Health of Nuevo Leon perform real-time 
PCR targeting the gltA gene on all probable cases 
identified <7 days after symptom onset. A positive 
PCR result requires the presence of a well-defined 
sigmoid curve, where the 3 PCR-reaction phases 
are distinguished, plus a quantification cycle value 
≤38. State laboratory staff use an indirect immuno-
fluorescence antibody assay to analyze all samples 
collected 7–14 days after symptom onset and con-
firm cases through real-time PCR or, retrospective-
ly, with seroconversion by immunofluorescence  
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Beginning in 2022, Nuevo Leon, Mexico, experienced 
an outbreak of rickettsioses that is still ongoing despite 
multidisciplinary control efforts. A total of 57 cases have 
been confirmed, particularly affecting children. We re-
port a high mortality rate among hospitalized persons in 
Nuevo Leon. Continuing efforts are required to control 
the outbreak.

 
Table. Clinical and paraclinical characteristics of patients with rickettsioses during outbreak in Neuvo Leon, Mexico, 2022 

Characteristic Total, n = 57 
No. (%) patients 

p value† Cured, n = 21 Died, n = 36 
Patient age, y  

  
0.106 

 <4  8 1 (1.7) 7 (12.2) 
 

 4–12 28 12 (21) 16 (28) 
 

 13–18 8 1 (1.7) 7 (12.2) 
 

  >18 13 7 (12.2) 6 (10.5) 
 

Patient sex    0.768 
 F 34 12 (21) 22 (38.5) 

 

 M 23 9 (15.7) 14 (24.5) 
 

Clinical signs‡ n = 48 n = 14 n = 34  
 Anemia    0.012 
  Yes 32 11 (22.9) 21 (43.7) 

 

  No 16 3 (6.2) 13 (27) 
 

 Thrombocytopenia    0.007 
  Yes 47 13 (27) 34 (70.8) 

 

  No 1 1 (2) 0 
 

 Leukocytosis    0.01 
  Yes 17 3 (6.2) 14 (29.1) 

 

  No 31 11 (22.9) 20 (41.6) 
 

 Leukopenia    0.014 
  Yes 4 2 (4.1) 2 (4.1) 

 

  No 44 12 (25) 32 (66.6) 
 

Treatment with doxycycline    0.074 
 Yes 52 21 (36.8) 31 (54.3) 

 

 No§ 5 0 5 (8.7) 
 

Time to treatment initiation, h n = 52 n = 21 n = 31 0.007 
 ≤24 4 4 (7.6) 0 

 

 >24 48 17 (32.6) 31 (59.6) 
 

*n values within columns indicate number of patients in category. 
†By 2 test. Bold indicates statistical significance. 
‡Anemia: female, hemoglobin <11.6 g/dL; male, hemoglobin <13.2 g/dL). Thrombocytopenia: female, platelets <157  109/L; male, platelets <135  109/L. 
Leukocytosis: leukocytes >9.6  109 cells/L. Leukopenia: leukocytes <3.4  109 cells/L. 
§Five patients died before treatment and had their diagnosis confirmed by autopsy. 

 



antibody analysis (4). The data discussed in this re-
port comprise all 57 confirmed cases in 2022.

Compared with results from 2021, the incidence 
rate of rickettsioses in Nuevo Leon in 2022 rose from 
0.2 to 0.9 cases/100,000 inhabitants. Most cases oc-
curred in October (n = 14) and December (n = 9). The 
median patient age was 10 years (range 1–61 years); 
59.6% of case-patients were female and 40.4% male. 
The pediatric population (≤18 years of age) repre-
sented 77% of all cases (Appendix Table, https://
wwwnc.cdc.gov/EID/article/29/9/23-0344-App1.
pdf). Most patients required hospitalization (n = 50), 
and all had a positive history of tick exposure within 
2 weeks before symptom onset. More than half of 
cases (54%) originated in 2 remote municipalities 
of Nuevo Leon, where most patients had a positive 
contact history with stray dogs or cats. The most fre-
quent clinical signs were fever (100%), petechial rash 
(56%), and tachycardia (40%) (Table). Predominant 
symptoms were headache (75%), abdominal pain 
(75%), myalgia (74%), and arthralgia (58%). Labora-
tory findings at hospital admission included anemia 
in 66% of case-patients, thrombocytopenia in 98% 
(median platelet count 25 × 103/μL), leukocytosis in 
35%, and leukopenia in 8%. 

Of the 57 case-patients, 52 were treated with dox-
ycycline; the remaining 5 died before treatment and 
had their infections diagnosed through autopsy. The 

median time-to-treatment initiation from symptom 
onset was 4 days, and only 8% of the patients received 
prompt antibiotic therapy within the first 24 hours 
of symptom onset. More than half (63%) of the total 
case-patient population died, and median time from 
symptom onset to death was 5 days (range 2–17); me-
dian length of hospital stay was 1 day (range 0–41). 
The annual rickettsiosis mortality rate for the region 
was 0.6 deaths/100,000 inhabitants.  

To determine clinical, laboratory, and demo-
graphic associations with mortality, we performed 
χ2 testing by using SPSS Statistics software (IBM, 
https://www.ibm.com). We found statistically sig-
nificant associations with mortality in patients with 
anemia (p = 0.012), thrombocytopenia (p = 0.007), 
leukocytosis (p = 0.01), and leukopenia (p = 0.014) 
at hospital admission. Likewise, a time-to-treatment 
initiation of 24 hours was associated with survival 
(p = 0.007). Among the 57 cases, 4 were confirmed as 
spotted fever group rickettsiosis because of serocon-
version to Rickettsia rickettsii antigens, 5 seroconver-
ted to R. typhi and were confirmed as typhus group 
rickettsiosis, and the remaining 48 cases were tested 
by molecular analysis and were confirmed as simply 
rickettsiosis (Rickettsia sp.)—that is, PCR did not dis-
criminate between spotted fever group and typhus 
group rickettsiae.

An alarming feature of this ongoing outbreak is 
its high fatality rate (63%). The most recent outbreaks 
of rickettsiosis in Mexico reported fatality rates of 
40% in Sonora and 29% Baja California (5,6). In north-
eastern Mexico, the brown dog tick (Rhipicephalus 
sanguineus) is highly prevalent (Figure), posing a 
high risk for rickettsioses (7). Social determinants of 
health in hard-to-reach municipalities are thought to 
contribute to the rise in rickettsial disease cases. The 
abundance of stray animals, lack of healthcare acces-
sibility, and poor disease knowledge may play a sig-
nificant role in this outbreak. 

To date, the local epidemiologic surveillance 
department has led various interventions in an at-
tempt to control the outbreak by implementing vec-
tor control strategies, educating healthcare personnel 
of high-risk municipalities, designating community 
champions against rickettsioses, and raising public 
awareness through media. Clinicians on the Mexi-
co–United States border should have a high index of 
suspicion of rickettsiosis among febrile patients and 
consider early empiric antibiotic treatment to reduce 
mortality risk.

The work on which this report is based was carried out at 
the Secretary of Health of Nuevo Leon.
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Figure. Brown dog ticks collected by the vector control 
department of Nuevo Leon, Mexico, in a hard-to-reach 
municipality.
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etymologia revisited
Zika [zēkə] Virus 

Zika virus is a mosquito-borne positive-sense, single-stranded RNA vi-
rus in the family Flaviviridae, genus Flavivirus that causes a mild, acute 

febrile illness similar to dengue. In 1947, scientists researching yellow fever 
placed a rhesus macaque in a cage in the Zika Forest (zika meaning “over-
grown” in the Luganda language), near the East African Virus Research  
Institute in Entebbe, Uganda. A fever developed in the monkey, and  
researchers isolated from its serum a transmissible agent that was first  
described as Zika virus in 1952. It was subsequently isolated from a hu-
man in Nigeria in 1954. From its discovery until 2007, confirmed cases of 
Zika virus infection from Africa and Southeast Asia were rare. In 2007,  
however, a major epidemic occurred in Yap Island, Micronesia. More  
recently, epidemics have occurred in Polynesia, Easter Island, the Cook  
Islands, and New Caledonia.
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Ludwig van Beethoven (1770–1827) is one of the 
most renowned and admired composers in the 

development of Western Classical music. He was 
perhaps the greatest contributor to the musical style 
transition from Classical (roughly 1750–1820), with 
linear compositional styles, to Romantic (roughly 
1798–1837), with dramatic expansion of orchestra size 
and development of lyrical, less formulaic melodic 
styles. The German composer’s contributions vastly 
widened the scope and development of the concerto, 
quartet, sonata, and symphony. In March 1827, af-
ter a prolonged illness, Beethoven died at age 56 in 
his apartment in Vienna. Discussions of Beethoven’s 
health have been voluminous, fraught with contro-
versy, and limited by an absence of evidence, charac-
teristic of the first half of the 19th century before the 
availability of radiologic and microbiologic diagnos-
tics. Starting at age 28, the composer suffered hearing 

deficits that were initially characterized as tinnitus 
and high-frequency hearing loss. Letters, journals, 
and other documents of that era indicate that, in his 
final decade of his life, Beethoven’s health and hear-
ing progressively declined, yet he produced many 
works that were expansive and departing from the 
more conservative structure of his earlier works.

In 1823, Ferdinand Georg Waldmüller (1793–
1865), a Vienna-born painter, was commissioned by 
Christoph Härtel, one of Beethoven’s Leipzig publish-
ers, to paint a portrait of the composer. Waldmüller is 
credited with being one of the most influential painters 
of the Biedermeier period, the era between the Con-
gress of Vienna in 1815 and the onset of the revolutions 
throughout Europe in 1848. Beginning at age 14, Wald-
müller studied portrait, still life, and nature painting at 
the Academy of Fine Arts in Vienna. In a painting at-
tributed to Waldmüller that is featured on this month’s 
cover, he captured an older Beethoven whose hair, 
though still wild, was a bit more tame than in images 
from his younger years. Beethoven was already suffer-
ing from hearing loss, but that was the same year in 
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Attributed to Ferdinand Georg Waldmüller (1793−1869), Portrait of Beethoven, 1823 (detail). Oil on canvas, 28.1 in x 30.5 in/71.5 cm 
x 77.5 cm. Kunsthistorisches Museum, Vienna, Austria. Digital image from Art Resource, New York, New York, USA.
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which he completed one of his supreme achievements, 
his Missa Solemnis (https://archive.org/details/lp_
missa-solemnis_ludwig-van-beethoven-leonard-bern-
stein-the). The composer sat for Waldmüller only once 
and that sitting was brief, so it is assumed that only 
the composer’s face was captured; later on, the painter 
would have added the clothes and portions of the hair. 
A second, more finished, oil-on-canvas version of the 
portrait was made from that study but was destroyed 
in a fire during the 1943 Allied bombing of Leipzig. 
Later in his career, Waldmüller focused on painting 
landscapes; his most notable works, principally in It-
aly, emphasized nature and color. He died in 1865 in 
Hinterbrühl, Austria, near his native Vienna.

The day after Beethoven’s death, an autopsy per-
formed by one of the leading pathologists of the era, 
Karl Rokitansky, found Beethoven to have a uniformly 
dense skull vault; together with Beethoven’s prominent 
forehead and enlarged jaw with protruding chin, that 
finding is thought to have been consistent with Paget’s 
disease of bone (osteitis neoformans), not described 
until 1877. Paget’s is a disease of unknown etiology in 
which there is cellular remodeling and bone deformity 
from breakdown and disorganized new bone forma-
tion. Progressive hearing loss is a common symptom 
of Paget’s disease, the result of the eighth cranial nerve 
being compressed by bony overgrowth or the small 
bones of the middle ear being disrupted. Another au-
topsy finding, an atrophic nodular and cirrhotic liver, 
together with the account of a friend that Beethoven 
consumed wine in excess near the end of his life, has 
long led historians to believe that Beethoven also suf-
fered from and died of alcoholism-associated liver dis-
ease. There is no identified record of his having palmar 
erythema, spider angiomata, asterixis (liver flap), or 
gynecomastia, all commonly associated with chronic 
liver disease; however, Beethoven endured 2 attacks 
of jaundice (the first at age 51), swelling of his limbs, 
and ascites requiring repeated paracentesis. In most 
cases worldwide, cirrhosis of the liver is attributable to 
the interplay of individual genetic predisposition and 
the effects of alcohol or infection with hepatitis B virus 
(HBV) or hepatitis C virus (HCV). 

In a fortuitous recent development in the study of 
the human genome, hair has been identified as a poten-
tial resource for evidence of HBV DNA in persons with 
acute or chronic HBV infection. Recently, 8 indepen-
dently sourced locks of hair attributed to Beethoven 
from public and private collections underwent ge-
nomic sequencing, 5 of which we now know origi-
nated from the same man with predominantly central 
European ancestry and are deemed to be authentic. 
DNA extracted from those 5 locks yielded 2 copies of a  

particular variant of the PNPLA3 gene that has been 
associated with developing liver cirrhosis. The 5 locks 
also had single copies of 2 variants of the HFE gene 
that most often cause hereditary hemochromatosis, 
which can also contribute to liver damage. Based on 
metagenomic analyses, it seems that Beethoven also 
had HBV infection, at least in the months immediately 
before his death, although it is unknown whether the 
infection was recent, chronic, or reactivated. Thus, a 
potential explanation for Beethoven’s recurrent bouts 
of jaundice and the severe liver disease observed at au-
topsy, often credited as his principal cause of death, 
may be the contribution of any or all of the triad of ex-
cess alcohol consumption, genetic predisposition for 
liver disease, and HBV infection. 
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Article Title

Characteristics of Hard Tick Relapsing Fever Caused by  
Borrelia miyamotoi, United States, 2013–2019

CME Questions

1. Which one of the following statements regarding 
Borrelia miyamotoi is most accurate?
A. It is a gram-negative spirochete
B. It is an agent of soft tick relapsing fever
C. It is transmitted by ticks of the Argasidae genus
D. The prevalence of B. miyamotoi in its vector tick 

is about 30% in the US

2. Which one of the following statements regarding 
cases of B. miyamotoi infections in the current study 
is most accurate?
A. There were a total of 4,000 cases
B. The prevalence of infections increased over time
C. The median age of individuals with infection was 

20 years
D. More than 80% of individuals with infection  

were male

3. Which month was associated with the peak of B. 
miyamotoi infections in the current study?
A. April
B. June
C. August
D. October

4. Which one of the following clinical characteristics 
of B. miyamotoi infection in the current study is most 
accurate?
A. The median time from symptom onset to seeking 

medical attention was 5 days
B. The most common symptom was rash
C. Laboratory abnormalities occurred in less than 

25% of patients
D. The mortality rate of infection was 4%
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Article Title
Foodborne Botulism, Canada, 2006–2021

CME Questions
1. What was the average annual incidence of 
foodborne botulism between 2006 and 2021 in the 
current study? 
A. 0.01 per 100,000 population 
B. 1 per 100,000 population 
C. 10 per 100,000 population 
D. 22 per 100,000 population 

2. Which one of the following serotypes of botulinum 
neurotoxins was most common in the current study? 
A. Type A  
B. Type B 
C. Type E 
D. Type F 

3. Which one of the following types of foods 
accounted for most of the cases of foodborne 
botulism in the current study? 
A. Uncooked marine mammal products 
B. Juices 
C. Food from restaurants 
D. Commercially prepared fish 

4. Which one of the following statements regarding 
clinical outcomes of foodborne botulism in the current 
study is most accurate? 
A. 70% of patients with botulism required 

mechanical ventilation 
B. The mortality rate was less than 2% 
C. Serotype E was associated with a longer  

hospital stay 
D. Serotype B was associated with a longer  

hospital stay
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